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;  FOREWORD 

s  '  • 

i  Turbulence  -  chaotic  disordered  motion  of  volumes  of  air  on 

>  radically  different  scales  -  is  one  of  the  characteristic  properties 

of  atmospheric  air  flows,  and  its  study  Is  necessary  for  solution  of 
a  number  of  theoretical  and  applied  problems.  Knowledge  of  the 
characteristics  of  turbulence  at  least  over  the  entire  troposphere  and 
stratosphere  is  of  great  significance  for  many  practical  purposes. 

1  However,  until  recently  experimental  difficulties  confined  the  study 

1  of  turbulence  mainly  to  the  lower  portion  of  the  planetary  boundary 

;  layer.  Naturally,  theoretical  studies  were  also  mainly  based  on 

i  these  data . 

t  ’  •'  1 

]  The  rapid  development  of  aviation  and  the  numerous  cases  of 

;  aircraft  finding  themselves  in  dangerous  turbulent  zones  which  have 

i  been  observed  in  recent  years  made  it  necessary  to  take  measures  to 

!  sharply  intensify  study  of  the  turbulence  first  in  the  atmospheric 

!  layer  up  to  10-12  km,  and  subsequently  at  greater  altitudes.  In  the 

|  initial  period  such  studies  were  limited  to  obtaining  the  simplest 

?  characteristics  of  the  recurrence  of  gusts  with  different  velocities 

and  studying  its  dependence  on  altitude,  geographic  conditions,  time 
of  day  and  season  of  year,  etc.  Only  since  the  end  of  the  1950's, 
following  the  development  of  the  required  measuring  equipment  and  ■ 

experimental  methodology,  was  the  attention  of  scientists  drawn  to 
more  complete  statistical  characteristics  of  turbulence  such  as 

spectral  densities  of  air  flow  velocity  pulsations,  structural  functions,  » 

I  etc.  In  particular,  when  these  data  were  obtained  it  became  possible 


FTD-MT-2i|-9  39-71 


vi 


to  further  develop  theory  with  consideration  of  specific  conditions 
■?.  of  the  free  atmosphere. 

Monograph  literature  on  turbulence  in  the  free  atmosphere  has  not 
been  published  either  in  the  USf>h  or  abroad,  if  v;e  do  riot  count  the 
small  book  edited  by  N.  Z.  Pinus,  "Atmospheric  Turbulence  Causing 
Bumping  of  Aircraft,"  published  in  19^?. 

^  i 

l:  This  monograph  Is  concerned  mainly  with  outlining  the  results  of 

experimental  investigations.  Along  with  these,  the  authors  discuss 
those  questions  in  the  theory  of  turbulence  without  which  physical 
analysis  of  the  presented  data  is  difficult.  The  hook  also  contains 
;  a  description  of  instruments  for  measuring  various  parameters  of 

turbulence  in  the  free  atmosphere.  Since  the  majority  of  the  lnstru' 
ments  used  in  scientific  research  work  undergo  rapid  modification, 
r.  the  authors  did  not  feel  it  advisable  to  describe  their  construction 

.b  in  detail  and  limited  themselves  merely  to  outlining  the  physical 

principles  of  instrument  operation  and  the  functional  diagrams 
i  required  for  an  understanding  of  their  operation.  Aircraft  methods 

i-:  of  investigating  turbulence  are  described  in  the  greatest  detail, 

;  since  the  overwhelming  majority  of  experimental  data  were  obtained 

|  in  this  manner. 


*• 

!. 


IV  : 

t-  ■ 


v 
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A  special  chapter  Is  dedicated  to  outlining  methods  for  statisti¬ 
cal  processing  of  measurement  results,  evaluation  of  their  accuracy, 
and  description  of  instruments  for  statistical  analysis.  The 
necessity  for  this  section  in  the  book  was  dictated  by  the  absence 
of  literature  in  the  Russian  language  which  describes  procedures  for 
such  treatment  with  realizations  of  finite  length. 

In  several  chapters  problems  of  the  origin  of  turbulence  lr.  the 
free  atmosphere,  dependence  of  its  structure  on  the  stratification 
of  the  atmosphere,  and  also  the  connection  of  turbulence  with  such 
quasi-ordered  mesoscalar  motions  as  waves  and  convection  are  discussed 
These  motions  are  given  substantial  attention,  since  they  are 
important  not  only  as  one  of  the  sources  of  turbulence  energy ,  but 
are,  in  particular,  important  in  connection  with  tneir  effect  on 
flight  vehicles. 
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When  outlining  experimental  data  the  author::,  have  attempted 
wherever  possible  to  give  a  physical  analysis  of  the  principle;; 
determining  one  or  another  peculiarity  of  the  structure  of  turbulence. 
Along  with  the  general  characteristics  of  turbulence,  peculiarities 
of  its  structure  and  such  physical  meteorological  objects  as  clouds, 
jet  flows,  the  tropopauue,  etc.,  are  examined.  Questions  connected 
with  the  effect  of  turbulence  on  aircraft  are  examined  in  a  separate 
chapter. 

Naturally,  the  authors  paid  particular  attention  to  those 
aspects  of  the  problem  connected  with  their  personal  scientific 
interests  and  their  experience  In  scientific  research  work.  In 
particular,  therefore,  the  book  does  not  contain  reflections .of  data 
on  those  mlcroscalar  turbulent  motions  which  influence  the  propagation 
of  radio  waves,  light,  and  sound  in  the  atmosphere.  While  the  authors 
attempted  during  the  writing  of  the  text  to  use  all  data  published 
and  known  to  them  on  turbulent  motions  In  a  free  atmosphere  with  a 
scale  of  several  meters  up  to  several  tens  of  kilometers,  those 
results  which  were  obtained  by  the  authors  themselves  are  outlined 
most  fully.-  These  materials  were  obtained  mainly  In  the  course  of 
numerous  flight  expeditions,  carried  out  by  TsAO  [Central  Aerological 
Observatory]  and  the  CAO  together  with  the  GOE  Nil  [State  Scientific 
Research  Institute]  of  Civil  Aviation,  and  particularly  from  data 
on  free  and  captive  baloons  obtained  at  the  CAO. 

The  authors  recognize  the  fact  that  much  of  the  material  in 
this  book,  which  represents  a  first  effort  at  systematic  outlining 
of  data  on  atmospheric  turbulence  in  the  free  atmosphere,  is  incom¬ 
plete  and  must  be  refined  in  the  future.  The  authors  thank,  in 
advance,  all  readers  who  assist  them  in  their  future  work  on  the 
study  of  turbulence  by  advancing  comradely  criticism. 

The  authors,  consider  it  their  pleasant  duty  to  express  their 
profound  gratitude  to  Scientific  Editor  L.  S.  Gandin  for  his  valuable 
critical  remarks  and  advice,  and  also  to  V.  D.  Litvinov,  V.  I.  Silayeva 
and  the  other  colleagues  of  the  Laboratory  of  the  Dynamics  of  the 
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CHAPTER  1 

SOME  QUESTIONS  OF  THE  THEORY  OF 
ATMOSPHERIC  TURBULENCE 


§  1.  THE  NATURE  OF  ATMOSPHERIC 
TURBULENCE 


The  majority  of  processor  in  the  atmosphere,  such  as  transfer 
of  'water  vapor  and  atmospheric  dust,  heat  exchange,  arid  the  formation 
of  clouds  and  preclpltat Ion,  are  extremely  closely  tied  to  the  turbu¬ 
lent  nature  of  motion  in  the  atmosphere.  Atmospheric  turbulence 
renders,  an  essential  influence  on  the  propagation  of  sound,  light, 
and  radio  waves.  Finally,  atmospheric  turbulence  Influences  flight 
conditions  for  aircraft. 


In  contrast  to  a  laminar  fluid,  the  turbulent  motion  of  a 
viscous  fluid  is  characterized  by  a  ncnconstant  velocity  field  and 
by  the  presence  of  nonuniformities  or  the  so-calleu  turbulent  eddies, 
which  lead  to  mixing  of  the  Jets.  By  the  term  "turbulent  eddy"  we 
understand  an  element  of  turbulent  flow  with  a  certain  characteristic 
dimension  (eddy  scale). 

The  Instantaneous  value  of  velocity  in  a  turbulent  flow,  u,  can 
Itself  represent  the  result  of  the  imposition  of  small  vibrations  on 
an  average  motion.  If  we  designate  the  average  value  of  velocity  as 
u,  then  u  ■  u  +  u’,  where  u*  is  the  so-called  pulsation  or  eddy 
velocity.  If  u'  =0,  the  motion  is  laminar. 
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If  we  designate  the  characteristic  dimension  ol’  a  flow  of  viscous 
fluid  as  L,  and  the  characteristic  velocity  of  flow  as  U,  then  from 
L,  U,  and  v  (v  is  the  kinematic  viscosity  of  the  fluid)  it  is  possible 
to  compile  a  dimensionless  combination  known  as  the  Reynolds  number: 


Laminar  motion  becomes  turbulent  only  when  the  Reynolds  number 

exceeds  a  certain  critical  value  He  ,  i.e., 

c  r 

jr>RV  (i.2) 

[up  *  cr] 

The  following  is  the  physical  concept  of  Rec  .  Forces  of 
Inertia  lead  to  the  approach  of  volumes  of  liquid  which  are  initially 
far  removed  from  one  another  and  which  possess  different  rates  of 
motion;  at  t lie  same  time  these  forces  facilitate  a  situation  in  which 
velocities  at  close  points  are  changed  sharply.  The  forces  of 
viscosity,  on  the  other  hand,  lead  to  a  leveling  of  velocities  at 
close  points  -  i.e.,  to  the  smoothing  of  small  nonunif ormities  of 
flow.  At  small  He  values,  when  the  forces  of  viscosity  predominate 
over  the  forces  of  inertia,  the  flow  lias  a  laminar  character. 

With  ari  Increase  in  Re  the  smoothing  action  of  the  forces  of 
viscosity  is  weakened  and  the  flow  is  turbullzed,  i.e.,  disordered 
pulsations  of  velocity  Recr  appear  in  lt,  exactly  corresponding  to 
the  conditions  when  the  forces  of  inertia  become  so  great  in  compari¬ 
son  with  the  forces  of  viscosity  that  a  stable  turbulent  regime  is 
formed . 

Experimental  studies  in  tunnels  showed  that  laminar  flow  converts 
to  turbulent  flow  at  Re  equaling  2500-5000. 

With . application  to  the  atmosphere  the  Reynolds  number  becomes 
1  ndetermi/.ate  to  a  substantial  degree  be  ause  of  the  difficulty  in 
determining  the  scale  of  the  flow  as  a  wnole.  The  indeterminate 
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geometry  of  atmospheric  flows  makes  it  necessary  to  Introduce  new 
concepts:  thus,  for  example,  the  distance  from  the  surface  of  the 

earth  to  the  level  of  maximum  wind  speed  or  the  altitude  of  the 
tropopause  are  sometimes  Introduced  as  the  characteristic  dimension. 

If  the  value  of  Re  is  calculated  formally  for  the  atmosphere,  It 
turns  out  that  it  exceeds  the  critical  by  many  times  and,  consequently, 
motion  in  the  atmosphere  is  always  turbulent  .  Actually,  If  a 
sufficiently  sensitive  and  lot:- inertia  Instrument  js  used  to  measure 
wind  velocity  it  is  always  possible  to  detect  disordered  fluctuations 
of  velocity  around  a  stable  average  value. 


However,  in  certain  oases  these  fluctuations  become  so  small 
that  It  is  possible  to  consider  motion  in  the  atmosphere  to  be  quasl- 
lamlnar . 


The  principal  causes  of  turbul lza! ion  of  all-  flows  In  the 
atmosphere  are  contrasts  in  the  temperature  and  wlnd-ve loci ty 
fields  which  arise  for  one  or  another  reason. 


The  atmospnerlc  processes  which  shape  these  contrasts  include 
the  following. 


a)  Friction  of  the  air  flow  over  tire  surface  of  the  earth  and 
the  formation  in  its  lower  portion  of  a  wind  velocity  profile  with 
large  vortical  gradients. 


b)  Unequal  heating  of  different  segments  of  the  underlying 
surface  of  the  earth  and  the  development  of  thermal  convection  In 
this  connection. 


c)  Processes  of  cloud  formation,  during  which  there  Is  liberation 
of  heat,  of  condensation  and  crystallization  and  also  a  change  In  the 
nature  of  the  temperature  and  wind-velocity  fields. 

d)  The  approach  arid  Interaction  of  air  masses  with  different 
characteristics  along  atmospheric  fronts  and  altitude  frontal  zones , 
where  there  are  great  horizontal  contracts  in  temperature  and  wind 
speed . 
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e)  Los:-  of  stability  by  waves  which  form  in  Inversion  layers, 
oh  the  tropopau.se,  arid  close  t,o  other  atmospheric  interfaces. 

f)  Deformation  of  air  flows  by  mountai nous  obstacles  and  the 
appearance  of  wave  perturbations  and  rotor  motions  on  their  lee  sides. 

The  indicated  processes  can  operate  simultaneously  and  thus 
Intensify  or  weaken  one  another,  and  thus  can  weaken  or  Intensify 
turbulisatlon  of  the  air  flow. 

The  existence  of  viscosity  of  the  air  causes  a  continuous  con¬ 
version  of  the  kinetic  energy  of  turbulent  air  flows  into  heat.  It 
is  obvious  that  if  there  is  no  external  source  of  the  energy  required 
for  continuous  excitation  of  turbulent  motion,  this  motion  will 
sooner  or  later  degenerate. 

A  particular  property  of  turbulent,  motion  is  the  disordered 
nature  of  the  velocity  field  In  time  and  space;  therefore  the 
classical  problem  of  hydromechanics  concerned  with  dir, covering  the 
position  of  all  particles  of  a  fluid  at  any  moment  of  time  t  according 
to  the  given  position  and  velocities  of  particles  at  the  moment  of 
time  tg  and  by  the  boundary  conditions  for  turbulent  motion  becomes 
meaningless. 

Even  with  a  constant  field  of  external  forces  and  constant 
boundary  conditions,  during  a  turbulent  flow  the  velocity  at  a 
given  point  will  undergo  substantial  changes  with  time.  This  circum¬ 
stance  gives  rise  to  the  need  for  applying  statistical  methods  to 
the  Investigation  of  turbulent  flows. 

As  was  already  Indicated,  the  development  of  atmospheric 
turbulence  is  conditioned  by  the  effect  of  not  only  dynamic,  but  also 
thermal  factors;  as  a  consequence  of  this  the  Re  number  turns  out  to 
be  inadequate  for  describing  Its  appearance  even  in  those  cases  when 
it  is  possible  to  evaluate  the  scale  of  the  flow. 
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This  problem  wa:;  examined  th cor’d  1  ea  i  J y  by  I,,  i1’.  M onurdson 
(1920),  who  cave  a  criterion  for  the  growth  ami  d I ininishlng  of 
kinetic  energy  ol'  turbulent  motions  in  a  thermally  stratified  medium. 
Richardson  proposed  that  loss  of  turbulent  energy  due  to  work  counter 
to  a  stable  vertical  stratification  (against  the  force  of  gravity) 
significantly  exceeds  the  loss  of  energy  dun  to  molecular  viscosity, 
which  converts  turbulent  kinetic  energy  into  heat.  Therefore  111  chard- 
son  limited  himself  to  examining  only  turbulent  dissipation. 


Richardson  obtained  his  criterion  of  stability  of  the  atmosphere 
from  the  equation  of  the  balance  of  turbulent  energy: 
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where  E'  is  the  kinetic  energy  of  turbulent  pulsations;  du/da  is  the 
vertical  gradient  of  average  wind  speed;  0  is  the  potential  tempera¬ 
ture;  g  is  the  acceleration  of  gravity;  K  is  the  coefficient  of 
turbulent  exchange  of  momentum;  Kt  is  the  coefficient  of  turbulent 
heat  exchange;  c  is  the  rate  of  dissipation  of  turbulent  energy  into 
heat;  and  L  is  the  diffusion  of  turbulent  energy  In  the  presence  of 
a  gradient  of  the  energy  of  turbulence. 


If  dissipation  and  turbulent  diffusion  are  ignored,  the  Inflow 
of  kinetic  energy  of  turbulence  equals. 
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Is  called  the  Richardson  number.  Rioee  -- - =  —  (y,  —  v),  exprocsi on 
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(1.5)  can  be  written  in  the  form 
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where  y  la  the  adiabatic  and  y  la  the  actual  vertical  temperature 

Q 

gradient. 


The  quantity 
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la  called  the  dynamic  Richardson  number.  In  (1.7)  a-  From 

(1.6)  and  (1.7)  It  follows  that 


Rl  =  -'-.Id.  (1.8) 

The  dynamic  Richardson  number  defines  the  role  of  thermal 
convection  In  the  generation  of  turbulent  energy,  as  compared  with 
dynamic  factors  which  eaur.e  the  transfer  of  energy  of  turbulence 
from  averaged  motion, since  the  quantity  Rl  can  be  Interpreted  an  the 
ratio  of  Archimedean  forces  to  the  forces  of  Inertia. 


From  (1.4)  and  (1.7)  it  follows  that 


(1.9! 


and,  consequently ,  stationary  ( nonattenuating)  turbulence  Is  possible 
only  when  Rf  -  1 ,  or  with  account  taken  of  the  dissipation  of  the 
energy  of  turbulence,  when  Rf  <  1. 

The  effect  of  Archimedean  forces  on  the  turbulent  regime  depends 
on  the  vertical  gradient  of  potential  temperature.  With  a  positive 
value  of  d9/dz  (stable  thermal  stratification)  Archimedean  forces 
counteract  the  development  of  turbulence;  a  portion  of  the  turbulent 
energy  is  expended  on  overcoming  the  action  of  Archimedean  forces. 

At  negative  values  of  dO/dz  (unstable  thermal  stratification, 
facilitating  the  development  of  convection),  Archimedean  forces 
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facilitate  the  appearance  and  development  or  turbu Lease  .  Thermal 
instability  Is  of  essential  significance  In  cloud:;  and  also  at  low 
altitudes  in  the  cloudless  troposphere.  In  the  middle  and  upper 
troposphere  without  clouds  vertical  shift  of  the  average  wind  velocity 
apparently  plays  a  major  role  in  the  excitation  of  turbulence.  On 
cloudless  clays  with  strong  heating  of  tlu-  urn!  ■"* /•  I  y  I  rig  surface,  super- 
adiabatic  temperatui’o  gradients  are  oh  served  fro.'.i  In  surface  of  the 
earth,  up  to  50C-1000  m,  and  sometimes  even  higher.  i.  I  high  altitudes 
such  temperature  gradients  can  be  observed  only  In  very  thin  layers, 
having  thicknesses  of  a  few  tens  or  hundred;-,  of  meters . 

Finally,  at  values  of  dO/dz  which  are  c  lo.ee  to  s<  rc  ( neutral 
thermal  stratification),  Archimedean  forcer,  do  not  influence  the 
turbulent  regime. 

As  the  Investigations  by  II.  '  ’ .  flans  (lylio)  showed,  the  turbu- 
11  zing  action  of  the  vert  lea  l  gradient  o-‘  average  wind  velocity  In 
the  atmosphere  is  compensated  to  a  significant  degree  by  the 
stabilizing  of  its  thermal  stratification. 

In  the  general  case  turbulence  in  a  thermally  nonn.nl form 
atmosphere  can  be  developed  when  the  Hi  number  is  less  than  a  certain 
critical  value  which,  as  follows  from  (1.9),  should  be  less  than 

*  K/K  .  The  critical  value  of  the  Richardson  number  characterizes 
conditions  of  the  development  and  attenuation  of  turbulence  .In  a 
thermally  stratified  atmosphere.  A  tendency  toward  growth  of 
turbulence  when  hi  <  hi  should,  apparently,  be  manifested  more  or 
less  sharply,  Just  as  In  the  case  of  excitation  of  turbulence  as  a 
function  of  Re  numcer  in  conditions  when  Archimedean  r-rcos  have  no 
Influence . 

The-  value  of  the  critical  Richardson  number  has  been  evaluated 
by  many  investigators,  mainly  on  the  basis  of  theoretical  considera¬ 
tions  .  The  magnitude  of  Hi  depends,  as  follows  from  (1.9),  on  the 
ratio  taken  for  K  and  !<t.  As  Is  known,  in  the  classical  theory  of 
turbulence  it  is  postulated  that  the  substance  carried  is  pass Lvo, 
l.e..  Its  addition  to  the  air  does  not  Influence  the  tur!  ■■  iunce  regime 
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From  this  it  follows  that  the  magnitude  of  tho  coefficient  of 
turbulence  does  not  depend  on  the  type  of  substance  and,  consequently, 

K  =  Kt,  which  means  that.  R1  =  1. 

In  actuality,  the  exchange  of  momentum  between  two  masse:;  of  air 

can  occur  thanks  to  dynamic  interaction  without  sulu;tantJ.al  nil  xiun 

of  these  masses  -  i.e.,  with  d Isrupt Ion  of  the  postulate  of  indestruct- 

ability.  Furthermore,  the  nature  of  the  temperature  dir.  trlbi.it  Jon  can 

have  an  effect  such  that  the  postulate  of  passivity  is  violated. 

For  example,  in  an  isothermii  -  or  of  the  atmosphere  In  which)-  a 

vertical  gradient  of  wind  vel*.  y  is  observed,  apparently  K  ^  K  . 

In  a  thermally  stable  atmosphere  exchange  of  momentum  occurs  more 

rapidly  than  tnat  of  the.  quantity  of  heat  (Obukhov,  19  5^-  Therefore 

there  to  no  basis  to  assert  that  Rl  »  1  for  conditions  of  a  free 

cr 

atmosphere. 

In  the  meteorological  literature  frequent  use  Is  made  of  the 
assumption  that  the  coefficient:;  of  turbulence  for  different  substances 
(for  heat  and  momentum)  are  proportional  to  one  another  and  that  the 
ratio  between  their  values  Is  a  com/cant  quantity.  Meanwhile 
laboratory  investigations  (hlllson  and  Turner,  i960)  and  also  studies 
In  the  Lowest  atmospheric  layer  (sec  Priestley,  196^ ;  Monin  and 
Yagloin,  1965)  showed  that  u  depends  significantly  on  the  thermal  and 
wind  stratification.  In  particular,  with  a  reduction  in  P.i  the 
value  of  a  Increases;  this  Increase  is  particularly  sharp  In  the 
region  of  values  hi  <  1.  Under  convective  conditions  n  >  1,  while 
In  case.:  of  temperature  inversion  a  •:  1  .  According  to  data  from 
Proudm.en  (1997),  a  *  0.03-0. 05  at  r  <  Pi  <  10.  We  will  note  that 
the  dynamic  Richardson  number  Rf  for  these  conditions  is  substantially 
less  than  unity.  Thus,  turbulence  can  be  excited  also  with  compara¬ 
tively  large  Ri  numbers.  This  must  be  kept  in  mind  when  studying 
turbulence,  especially  in  the  upper  troposphere  and  in  the  stratosphere 
where  stable  thermal  stratification  rules. 

We  will  now  examine  the  role  of  diffusion  of  turbulent  energy. 

It  is  possible  to  consLder  that  the  magnitude  of  diffusion  transfer 
of  turbulent  energy,  D,  depends  on  the  coefficient  of  turbulence  K 
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and  on  the  gradient  or  eddy  energy  dK'/dr.  1  J'  we  consider  L lie 
dimensionality  of  these  quantities,  the  diffusion  conoumptlon  of 
turbulent  energy  can  be  determined  with  an  accuracy  to  a  constant 
factor  by  the  following  expression: 

(1.10 

Thus,  D  depends  on  the  coefficient  of  turbulence  K  to  a  smaller 
degree  and  is  determined  in  significant  measure  by  the  degree  of 

nonuni formity  of  the  turbulence  field. 

With  consideration  of  (1.10),  and  also  assuming  that  Kt  ■  K,  we 
obtain 
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[up  =  cr] 


From  (1.11)  It  follows  that  the  critical  Richardson  number 
depends,  other  conditions  being  equal,  on  the  degree  of  rionurii forml ty 
of  the  turbulence  field,  i.e.,  dE'/dr,  which  In  turn  depenos  on -the 
conditions  of  turbulizatlon  of  the  flow.  From  (1.11)  It  also  follows 
that,  the  critical  Ri  number  cannot  be  a  constant  quantity  for  a 
sienuni  form  field  of  turbulence. 

The  Richardson  number  characterizes  conditions  of  s  ran.",  format  ion 
of  kinetic  energy  of  average  motion  and  the  energy  of  Instability 
into  the  kinetic  energy  of  turbulent  motion;  however,  it  does  not 
provide  the  possibility  of  evaluating  such  important  characteristics 
of  turbulence  as  the  magnitude  of  pulsation  velocities  and  the 
thickness  of  the  turbulized  layer  of  the  atmosphere. 

The  intensity  of  turbulence  depends  not  on  the  Hi  number  alone, 
though  It  is  a  function  of  this  number,  if  Hi  *"  Rlcr>  this  fact  can 
serve  as  a  qualitative  indication  that,  first,  development  of 
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turbulence  la  proceeding  and,  second,  that  the  smaller  in  R1  the 
greater  the  quantity  of  accumulated  turbulent  energy  that  can  be 
observed  under  steady-state  conditions. 

§  2.  STRUCTURE  AND  ENERGY  CONSIDERATIONS 
OF  A  TURBULENT  FLOW 

I'1  rum  hydrodynamics  it  is  known  that  as  the  Reynolds  number 
Increases,  large-scale  pulsations  are  manifested  first..  At  very 
large  Reynolds  numbers  pulsations  exist  In  a  turbulent  flow  with 
scales  which  are  comparable  to  the  characteristic  lengths  which 
determine  the  dimensions  of  the  flow  as  a  whole  and  with  the  scaler, 
at  which  turbulent  energy  dissipates  into  heat  due  to  molecular 
viscosity.  According  to  A.  N.  Kolmogorov  (19,H),  turbulent  motion 
in  the  atmosphere  may  be  visualized  as  follows.  Since  Reynolds  numbers 
are  very  great  in  the  atmosphere,  the  average  flow  is  unstable  and 
perturbations  arise  in  it  -  "turbulent  eddies  of  the  first  order" 
characterized  by  disordered  displacement  with  respect  to  one  another 
of  Individual  volumes  of  the  fluid  with  diameters  on  the  order  of 
the  characteristic  dimensions  of  the  flow.  The  rate  of  these 
relative  displacements  Is  less  than  the  average  velocity  of  the  flow. 
Since  the  Reynolds  numbers  are  still  very  great  for  eddies  of  the 
first  order  and  since  such  eddies  are  also  unstable,  "eddies  of  the 
second  order"  with  even  smaller  characteristic  dimensions  and 
velocities  will  arise. 


The  process  of  the  successive  reduction  in  size  of  turbulent 
eddies  will  continue  until  the  Reynolds  number 
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(1.12) 


for  eddies  of  some  sufficiently  great  order  n  becomes  so  small  that 
the  Influence  of  viscosity  on  eddies  of  the  order  n  will  be  perceptible 
and  will  prevent  the  formation  of  eddies  of  the  (n  +  l)-th  order. 


The  problem  of  energy  characteristics  of  turbulent  motion 
deserves  special  attention.  Contemporary  hydrodynamics  gives  the 
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following  presentation  on  the  dissipation  of  energy  during  turbulent 
motion. 


From  eddies  with  large  scales,  whioh  derive  their  energy  from 
the  main  How,  energy  transfers  to  eddies  with  smaller  soaLes;  there 
in  virtually  no  dissipation  during  tills  process.  Thus,  the  kinetic 
energy  of  turbulence  transfers  continually  from  large  eddies  to  small 
ones  -  i.e.,  from  small  frequencies  to  high .  This  flow  of  energy 
dissipates  (kinetic  energy  converts  to  heat)  in  eddies  of  the  very 
smallest  scales.  Since  the  transfer  of  energy  from  large-scale  to 
small-scale  eddies  occurs  without  losses,  the  quantity  of  energy 
which  dissipates  under  the  action  of  viscosity  into  heat  can  be 
determined  (with  respect  to  order1  of  magnitude)  by  means  of  the 
characteristics  of  the  basic  flow. 


Maintenance  of  the  "stationary"  state  requires  external  sources 
which  continually  transmit  energy  to  the  basic  large-scale  motion. 
And,  on  the  other  hand,  if  the  external  source  of  energy  ceases  to 
operate  turbulent  flows  will  be  attenuated.  It  Is  obvious  that  along 
with  stationary  sources  of  turbulent  energy  which  are  constant  or 
which  operate  over  a  fairly  long  period,  it  is  possible  to  encounter 
in  the  atmosphere  comparatively  short-term  sources  of  this  energy. 

When  studying  the  energy  properties  of  a  turbulent  flow  it  is 
necessary  first  of  all  to  clarify  the  method  by  which  turbulent  eddy 
motions  are  maintained  in  the  air  flow,  the  source  from  which  energy 
of  fluctuating  motions  is  taken,  and  just  how  it  is  consumed.  In 
the  work  of  A.  M.  Obukhov  (1954)  use  was  made  of  the  basic  equation 
of  the  energy  balance  of  turbulence  in  the  form 
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Equation  (1.13)  has  the  same  physical  concept  as  equation  (1.3), 
but  it  is  written  under  somewhat  different  assumptions. 

The  left  side  of  equation  (1.13)  contains  the  Individual  incre¬ 
ment  of  fluctuation  energy 
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The  first  term  on  the  right  side  represents  the  quantity  of 
kinetic,  energy  of  average  motion  which  is  converted  per  unit  time 
into  Kinetic  energy  of  fluctuation  motion.  A.M.  Obukhov  called  this 
quantity  the  transformation  energy: 
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The  second  component  of  the  right  side  represents  the  rate  of 
dissipation  of  energy  of  fluctuation  motion,  e: 


(1.15) 


The  third  component  is  the  average  power  of  all  fluctuations  of 
surface  forces  (pressure,  viscous  and  turbulent  stresses)  during 
displacement  with  the  fluctuation  velocity: 
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Thus  , 
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1  .e .  ,  th«  Instability  of  average  motion  leads  to  an  Increase  In  tin 
energy  cf  fluctuation  motion,  while  the  major  source  of  'Lor. sou  la 
dissipation  of  fluctuation  energy  into  heat.  The  work  of  surface 
forces  is  not  of  special  significance  in  the  energy  picture  of  the 
turbulent  flow;  therefore 
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Here  it  should  be  noted  that  outride  the  boundary  layer  of  the 
atmosphere  dissipation  into  heat  is  the  basic '  loses  of  turbulent 
energy  only  In  a.  limited  Interval  of  scales.  Below  it  will  he 
demonstrated  that  In  a  free  atmosphere  a  noticeable  fraction  of 
kinetic  energy  of  turbulent  motions  can  be  expended  on  an  Increase 
in  potential  energy . 

As  was  already  pointed  out,  turbulent  motions  have  a  very  broad 
spectrum  of  scales  ranging  from  primary  eddies,  which  may  be  hundreds 
or  even  thousands  of  kilometers  in  diameter,  down  to  eddies  In  which 
molecular  viscosity  Is  manifested.  At  present  adequate  theoretical 
studies  have  been  made  of  the  properties  of  turbulence  whose  scale 
is  much  less  than  the  major  scale  and  at  the  same  time  much  greater 
than  those  scales  in  which  dissipation  of  turbulent  energy  i nto  heat 
occurs.  In  this  region  of  scales,  which  has  conic  to  be  called  the 
inertial  interval,  the  property  of  isotropy  is  ascribed  tc  turbulence 
i.o. ,  independence  of  the  properties  of  turbulent  motion  from  the 
selected  direction. 

The  theory  of  locally  isotropic  turbulence  developed  by 
A.  M.  Kolmogorov  (1941)  makes  it  possible  to  obtai.  valuable  results 
on  the  local  properties  of  turbulence  in  the  inertial  Interval 
directly  from  considerations  of  d linens  tonal  ity  . 

Local  properties  of  turbulence  cannot  be  determined  by  viscosity, 
since  its  influence  is  substantial  only  in  tlu:  verv  sir.  a !  lc  ’.t-scule 


motion: 


The  characteristic  dimension  and  rate  of  motion 


a  whole 


also  cannot  influence  the  properties  of  turbulence  in  the  inertia', 
interval.  According  to  the  Kolmogorov  hypothesis,  a  continuous  fl 


of  energy  exists  from  the  very  largest  (primary)  eddies  down  to  the 
very  smallest.  In  the  inertial  interval  energy  is  transmitted  from 
eddy  to  eddy  without  losses  and,  consequently,  the  rate  of  energy 
transfer  should  be  numerically  equal  to  the  rate  of  dissipation  e. 

Changes  in  the  rate  of  turbulent  motion  at  a  distance  on  the 
order  L  should  bo  determined  only  by  e  and  by  the  actual  value  of  l. 
Utilising  the  theory  of  dimensionality,  Kolmogorov  obtained  the 
expression 

<1-19 > 

l.e.,  the  change  in  speed  over  the  extent  of  distance  l  is  proportional 
to  the  cube  root  of  this  distance.  A.  M.  Obukhov  arrived  at  this 
same  result  simultaneously,  but  by  a  different  method  (19^1) < 

The  quantity  can  be  examined  qualitatively  as  the  speed  of  a 
turbulent  eddy  having  a  characteristic  scale  on  the  order  of  l. 

Since  e  =  const  in  the  Inertial  Interval,  from  (1.19)  the  conclusion 
of  self-similarity  of  turbulent  eddies  follows  directly.  This  means 
that  eddies  of  all  scales  included  In  the  inertial  interval  exist  in 
the  development  of  turbulent  flow.  Each  eddy,  decaying,  generates 
eddies  similar  to  Itself  -  i.e.,  also  subordinate  to  (1.19)  -  but 
having  smaller  dimensions. 

5  3.  STATISTICAL  DESCRIPTION  OF 
THE  FIELD  OF  TURBULENCE 

Despite  the  complexity  and  disordered  nature  of  the  field  of 
velocities  in  a  turbulent  flow,  turbulent  motion  should  obf^  che 
basic  equations  of  hydrodynamics: 

havier-Stokes  equation 

uvu=-  —  ’Am,  (1.20) 


lit 


continuity  equation 


Tu  —  0.  (1.21) 

The  equation  of  continuity  is  written  for  an  incompressible  fluid, 
which  is  true  under  the  condition 


(1.22) 


where  a  is  the  speed  of  sound,  since  in  this  case,  as  is  known, 
density  pulsations  can  be  ignored. 


The  system  o'*  equations  (1.20)  and  (1.21)  is  sufficient  for 
determination  of  u  as  a  function  of  x  and  t  if  the  initial  and 
boundary  conditions  are  given.  Thus,  for  example,  in  the  case  ol’ 
uniform  turbulence  the  boundary  conditions  with  respect  to  x  are 
determined  b.y  the  presence  of  statistical  uniformity  in.  space.  The 
Initial  conditions  consist  in  the  fact  that  at  a  certain  moment  of 
time  tQ  speed  is  a  random  function  of  a  point  and  the  probability 
laws  characterizing  this  function  are  given. 


It  is  obvious  that  if  the  initial  conditions  are  given  in 
probability  form,  at  subsequent  moments  of  time  the  field  of  velocities 
may  be  determined  only  in  probability  form.  One  of  the  basic 
characteristics  of  a  random  quantity  is  its  distribution  function 
P(u).  Interpretation  of  u  as  a  random  function  relates  to  each 
point  x,  t.  In  this  case,  generally  speaking,  a  statistical  connection 
should  exist  be- ween  the  random  values  at  different  space-time  points. 
The  function  of  consistent  distribution  of  probabilities  for  the 
values  of  u  at  several  given  space-time  points  can  serve  an  the 
characteristic  of  this  statistical  connection. 


A  turbulence  field  of  infinite  extent  is  defined  statistically 
by  the  total  set  of  consistent  distributions  of  probabilities  for 
valuer,  of  the  velocity  vector  u(x,  c)  at  any  n  space-time  points, 
in  this  case  one  must  take  into  account  the  fact  that  the  statistical 
characteristics  of  the  turbulence  field  at  various  valuer,  cf  1  are 
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uniquely  connected  with  one  another  by  the  hydrodynamic  equations 
(1.20)  and  (1.21)  . 

Ordinarily  during  description  of  a  turbulence  field  we  are 
limited  by  average  valuer.,  which  correspond  to  small  n.  Among  these 
average  values  with  small  n,  the  following  are  of  particular  value  in  4 

the  theory  of  turbulence:  the  correlation  tensor  of  the  velocity 
field  (i.e.,  a  two-point  moment  of  the  second  order)  and  the  tensor 
obtained  from  it  as  a  result  of  Fourier  transformation.  i 

The  correlation  tensor  of  a  field  of  velocities  for  two  points 
connected  by  the  vector  r  has  the  form 

R,t  if)  (1.23) 

where  u(x)  is  a  continuous  function  of  x  in  view  of  the  fact  that 
discontinuities  under  the  action  of  viscous  forces  cannot  be  retained 
in  time.  From  this  it  follows  that  Rj^(r)  is  continuous  at  all 
values  of  r.  When  j  *  b  we  have 

0).  (1.2b) 

A  theory  developed  by  A.  Ya.  Khinchin  .  ( 1938)  exists  for  the 
entire  class  of  random  pre -.esses  which  are  called  stationary. 

A  random  process  which  is  defined  by  the  totality  of  variables 
Y|,(t)  is  called  stationary  In  the  case  when  the  laws  of  distribution 
of  probabilities  of  two  groups  of  values  of  these  variables 

in/,).  >' K(O)  and 

y  «!+■:) . nr.-ft)) 

t 

are  Identical  to  one  another,  where  n,  t  and  t  can  be  selected 
completely  arbitrarily. 

On  the  basis  of  Khinchin's  theory  (1938),  G.  Kramer  (19^8) 
arrived  at  the  following  conclusion.  In  order  for  the  tensor  Rj^(r) 
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to  be  a  correlation  tensor  for  a  continuous  stationary  random  process 
It  Is  necessary  and  sufficient  that  this  tensor  allow  presentation  In 
the  form 


r  /Of 

J  S]t(Q)t  dQ.  (1.25) 

— m 

where  ft  is  the  wave  vector  and  /— y  — 1,  under  the  condition  that 

J5^(0)d0<:>.  (1.26) 

From  the  Fourier  transform  which  Is  the  reciprocal  of  (1.25), 

It  also  follows  that 


SJt (0)  =  -i ir  j  R,t (r)e~lOTdr.  (1.27) 

When  r  ■  0  formula  (1.25)  takes  the  form 

^»(0)-'«/ix).  «4(X)-  (1.28) 

—  • 

From  formula  (1.28)  it  is  clear  that  Sj»(0)  represents  the  density 
of  the  quantity  u,u.  in  a  wave  space. 

•J 

The  tensor  «j(x)u,\(x)  determines  the  energy  per'  unit  mass  of  fluid 
and  Is  called  the  energy  tenser. 

The  tensor  S,*(n)  describe-"-  the  distribution  of  energy  with 
respect  to  different  wave  numbers  in  expansion  of  the  velocity  field 
into  harmonic  components  and  Is  called  the  spectral  tensor  of  energy. 

Thanks  to  its  explicit  physical  concept,  the  tensor  ffj»(r),  and 
also  the  tensor  S,*( ft),  which  connects  it  with  the  Fourier  transform, 
represent  the  most  important  quantities  describing  the  field  of 
turbulence . 
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The  spectral  and  correlation  tensors  are  functions  of  vector 
arguments.  In  a  real  experiment  It  Is  most  frequently  necessary 
to  carry  out  measurements  of  only  one  of  the  velocity  components. 

The  correlation  and  spectral  functions,  depending  on  one  scalar 
argument,  can  be  obtained  by  averaging  (r)  and  Stk  (Q)  over  all 
directions  of  the  vector  arguments  r  and  Q.  In  the  case  of  isotropic 
turbulence  these  tensor  functions  of  the  vector  modulus  play  an 
important  role. 

Besides  the  correlation  and  spectral  functions,  the  structural 
functions  introduced  by  A.  N.  Kolmogorov  are  applied  as  characteristics 
of  the  external  properties  of  a  locally  isotropic  and  uniform 
turbulent  flow: 

+  +  ^j.  jt, -f- r,,  f)  Uj{Xi,  Xf,  Xf,  /)]*«  (1.29) 

where  Uj  is  the  velocity  component  in  the  direction  j  . 

Thus,  D(r)  is  the  mean  square  of  the  difference  in  the  values  of 
Uj  at  two  points  located  at  the  distance  r: 

rmt  yTjTrTw?- 

That  is,  in  terms  of  structural  functions  the  dependence  of  the 
velocity  of  fluctuating  motions  on  the  scales  of  the  fluctuations 
has  become  widely  known  as  the  "law  of  two-thirds"  of  Kolmogorov- 
Obukhov : 


i  t 

D,(r)—Aty*  *r1.  (1.30) 

where  A(6j)  is  a  dimensionless  coefficient  dependent  upon  the  angle 
between  Xj  and  r. 

If  a  studied  random  process  satisfies  the  condition  of  station- 
arlty,  the  statistical  characteristics  which  characterize  this 
process  turn  out  to  be  uniquely  connected  with  one  another: 
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0(r)-2t*(O)-.#(r)|. 


(1.3D 


and,  since  /?(oo)*aO,  and,  consequently,  D{eo)  =*2R  (0),  then 

*<0— (1.3?) 

The  correlation  function  can  be  expressed  ao  follows  on  the 
basis  of  (1.25) : 

*(')-  Js(Q),,,fdo.  d.33) 

.  — m 

From  the  determination  of  uniformity  R(r)  *  H(-r);  consequently, 

'  m  ' 

/?(<*)-  JS(Q)cos(C/-)rfQ.  (1.34) 

We  can  obtain  an  expression  for  the  spectral  function  from  (1.33) 

S(0)--jrj/?(r)«-,#'dr.  (3.33) 

The  spectral  function  S(fl)  represents  the  spectral  density  of 
energy  of  a  unit  of  mass.  In  the  literature  on  turbulence  S(fl)  is 
frequently  called  the  energy  spectrum  of  turbulence.  The  structural 
function  and  energy  spectrum  are  connected  with  one  another  by  the 
relationship 


«i 

D(r)=*2  J(l-e,#,)5(Q)rf2.  (1.36) 

— • 

This  connection  is  valid  also  when  a  random  process  has  a  linearly 
varying  average  value  (Tatarskiy,  19*37 )  . 

It  was  already  pointed  out  above  that  In  a  real  experiment,  as 
a  rule,  only  one  component  of  velocity  is  measured;  therefore  the 
statistical  characteristics  which  are  obtained  as  the  result  of 
processing  experimental  data  characterize  the  totality  of  projections 
of  the  velocity  vector  to  a  selected  direction. 


19 


The  development  of  the  energy  spectrum  of  turbulence  from 
experimental  data  la  frequently  hampered  by  the  Impossibility  of 
realizing  a  sufficiently  extensive  series  of  Independent  measurements, 
and  also  by  equipment  difficulties.  In  this  case  It  is  necessary  to 
limit  oneself  to  the  simpler  statistical  characteristics  of  turbulence, 

3uch  as  the  dispersion  of  velocities  w'*  and  the  mean  square  value  of 

the  velocity  o The  latter  quantity  is  frequently  used  for 
quantitative  evaluation  of  the  integral  intensity  of  turbulence. 

For  a  quantitative  description  of  the  relative  intensity  of  turbulence, 
the  turbulence  literature  uses  the  relationship 

..  *— 

which  Is  sometimes  called  the  gustiness  of  velocity.  The  quantities 

u '*  and  au  can,  in  particular,  be  obtained  from  the  energy  spectrum, 

where  in  this  case  the  intervals  of  scales  (frequencies)  for  which 
the  corresponding  characteristics  are  calculated  will  be  given.  Thu3 , 
for  example,  the  dispersion  of  velocities  is  determined  as 

The  quantity  obtained  as  the  result  of  such  calculation  charac¬ 
terizes  the  intensity  of  fluctuations  which  have  fully  defined  scales. 
It  is  necessary  that  the  interval  of  scales  for  which  one  or  another 
integral  characteristic  of  turbulence  intensity  is  determined  must 
be  known  when  comparing  data  obtained  by  different  investigators. 

As  will  be  shown  in  Chapter  2,  each  experimental  method  of  investiga¬ 
tion  permits  measurement  of  only  a  limited  segment  of  the  turbulence 
spectrum.  For  comparison  of  turbulence  intensities  in  regions  of 
different  scales  it  is  more  convenient  to  use  not  the  integral 
characteristics,  but  the  rate  of  energy  transfer  in  the  turbulence 
spectrum.  This  problem  will  be  considered  below. 

An  essential  peculiarity  of  experimental  investigations  of  the 
structure  of  the  turbulence  field  in  the  atmosphere  is  the  fact  that 
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measurements  are  conducted  either  at  one  point  .in  space  over  a 
I  ro  longed  period  ol"  lime  or  by  moving  the  measurement  Instrument  In 
space  at  a  comparatively  nigh  .-.pood.  T  f  a  single  measurement 
Inst  rument  Is  used  the  result  of  the  experiment  1  s.  always  the 
"  ri-al  1  sat  Lori  of  a  random  process  measured  in  tin-'  course  of  some 

Interval  of  time;  however,  this  time  Interval  has  a  completely 
•Jt  t'Jvrent  nirantiii.',  for  each  rase.  In  the  first  ease  this,  ! :«  the  time 
*  during  which  the  studied  pi'ocer.;;  occurs,  wh  lie  in  the  second  rase  it 

1.;  the  time  of  " Instantaneous"  measurement  of  the  spatial  picture 
along  sor.K-  particular  direction. 

In  the  first  case  the  measuring  instrument,  is  moved  relative 
to  the  flow  with  the  average  velocity  of  the  flow.  In  order  to 
.rarisfer  from  t.ime  concept s  to  spatial,  It  is  porsiblo  t.o  use  the 
hypothesis  of  J.  Taylor  ( ID 38)  on  the  so-ea 1 ied  frozen  turbulence  - 
L.c.,  the  hypothesis  that  the  shape  of  perturbations  ran  bo  retained 
without  essential  changer.  In  appearance  during  motion  of  these 
perturbations  together  with  an  air  flow  at  the  average  velocity  of  the 
flow.  This  hypothesis,  put  forward  under  the  assumption  that  the 
average  velocity  of  the  flow  is  sufficiently  great  In  comparison  with 
velocity  fluctuations,  has  been  experimentally  confirmed  for  turbulent 
perturbations  from  comparat Ivuly  small  scales  up  to  scales  of  several 
kilometers.  It  has  not  boon  verified  for  perturbations  of  larger 
scales-  .  One  may  assume  that  for  scales  which  arc  close  to  the 
synoptic,  the  Taylor  hyootnes Is  on  frozen  turbulence  may  not  be 
fulfilled.  T.ri  particular,  substantial  errors  oar;  be  tolerated  In  the 
case  when  this-,  hypotiics J «  is  upp '  '■  e<l  to  turbui  out  motions  vfn.cn  the 
k  nergy  of  turbulent  pulsations,  in  commensurate  with  the  energy  of 
average  motion.  Thu:;,  numerical  transition  from  time  presentations 
to  spatial  Is  not  posits  ib  lo  In  all  canes.  in  the  opinion  of  A.  S.  Monin, 
however,  such  a  transition  on  the  basis  of  the  hypothesis,  of  frozen 
tui'ba  l  once  is  permissible*  for  «>>;<•  i  11  at.  ions)  with  period  up  to  four 
days,.  ?h<'-r>e  questions  -win  be  examined  I  n  more  detail  lifer  in  the 
appropriate  sections?  of  the  hook. 

If  the  measuring  lust  rumen!.  Is  displaced  at.  a  vcJr-o  I  by  many 
time;  greater*  than  the  average  velocity  of  the  flew,  Irons;  l  i  1  on  from 
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1.  I  we  tdiarac  tori  r.  1. 1  or,  to  spatial  doui.;  not  ren  u  1  re  l'ii  1 1'  1  I  l  rn<  n  *  of  the 
hypothec.  lr  of  frozen  l  turbulence  I  ;  it  I:.  su  IT  I  J  cut  to  kii"ii  <  >  r  i  Lv  the 
speed  of  mot.  Ion  of  the  I  nr.  t.  ruin'  nt  ,  We  should  only  note  tliat  I  ti  order 
‘■.a  Justify  examining  t.lie  i  ea  !  1  z.at  ion  obtained  In  t.hi  •  way  an  a 
stationary  randum  prone. s  .mil  using  tin'  relat.  lonshi  pa  derived  jim\o. 

If  * :  ■  necessary  that,  the  field  of  turbulence  in  the  direction  of 
motion  of  tin  I  nr  t  ruin',  n!  ..at  1 s  !'y  tin-  condition  of  in  !  form'  t.v  . 

5  4.  ENERGY  SPECTRUM  OF  TURBULENCE 

An  wan  al ready,  staled  in  !;  3,  the  energy  spectrum  represents  the 
expansion  of  kind  lr  energy  l.i:  tin-  !■'<  >i  j  i  I  or  interval  i.n  terms  of  the 


wave  numbers 


In  other  will'd!!,  s(Q)<tn  is  t.  iie  quantity  of 


kinetic  energy  calculated  per  unit,  mass  retained  or  Iran:;  ferrable 
by  eddies  with  dimensions  which  are  characterized  by  wave  numbers 
from  \i  to  0  +  dSi . 


Thus  , 


5(2):  , 


2  dU  • 


( 1 . 37  ) 


It  is  simplest  to  determine  the  expression  for  the  energy 
spectrum  of  turbulence  In  that  per;  Ion  of  wave  numbers  where  turbulence 
satisfies  the  canal tjen  of  oaif  rmity  and  local  isotropy .  According 
to  the  definition  of  A.  ?! .  Ko  1  mogorov  (id'll),  1  r,  this  region  (called 
the  inertial  interval)  the  v  no-..  ily  v,.,  depends  on  the  wave  number  2 
and  on  the  dissipation  rate  r.  .  An  analytical  expression  for'  the 
spectrum  of  the  velocity  vector  In  the  inertial  interval  can  be 
obtained  from  considerations  of  dimensionality: 


5(Q)  ==re32~ 


(1.38) 


In  the  inertial  Interval  the  tlirer-ii  i  mens  I  ona  1  spectrum  of 
turbulence  an  .1 ,  .a  or  res  [>■  n.l  I  ip  .  iy  ,  t.he  une-d  I  .nens  ional  spectra  of  the 
components  u  (along  '.be  main  flow)  ,  v,  and  w  (across  the  main  flow) 
arc  describee  by  the  ft-rmu  *.  as 


SMi£>)5..c,.  J  Q"  \ 

3 

Sat«)w»Sw(Q)  -=  c.V’V 


(1.39) 


Por  the  coefficients  c,  and  cj,  which  have  the  nature  of 
universal  constants,  the  following  relationships  are  fulfilled:1 


S5 

‘~-nr 


(1.^0) 


According  to  contemporai'y  data  (Ourvlcn  et  al .  ,  1907)  ,  the  coefficient 
equals  0.-4S-0.50  with  an  accuracy  to  ’20-1‘jS  if  0.  is  measured  in 
radians  per  unit  length. 

Relationship  (1.38)  can  also  bo  obtained  from  the  "two/thirds 
law"  for  a  structural  function.  hxpressi on  (1.38)  has  found  the  name 
Kolmogorov  spectrum  or  "spectral  law  minus  five/ thirds."  The  "minus 
fi vc/thl rds" law  is  valid  only  for  the  Inertial  interval  -  i.e.,  for 
the  region  of  wave  numbers  which  are  greater  than  those  at  which  the 
energy  of  the  main  flow  readies  the  turbulence  spectrum  due  to 
stability  and  smaller  than  those  where  the  "consumer"  of  turbulent 
energy  -  dissipation  Into  heat  under  the  action  of  molecular  viscosity 
is  operative.  Only  a  single  mechanism  for  energy  transfer  exists 
within  the  Inertial  Interval  -  inertial  transfer  from  eddies  with 
lesser  ft  to  eddies  with  greater  ft.  Proceeding  from  precisely  these 
considerations,  Kolmogorov  and  Obukhov  equated  the  rale  of  energy 
transfer  through  point  ft  in  the  spectrum  to  the  dissipation  rate  c . 

Thus,  the  spectrum  of  the  field  of  wind  velocities  in  the 
initial  Interval  is  uniquely  determined  by  the  quantity  e  and  by 
single  unique  universal  constant  c.  The  quantity  t  can  bo  calculated 
on  the  basis  of  (1.39),  if  the  spectral  density  for  any  wave  number 
belonging  to  the  inertial  Interval  is  known. 


‘Between  the  universal  constants  A  for'  structural  func¬ 
tions  u,  v  and  w  in  express.  Ion  (1.30)  and  tne  universal  constants  for 
the  spectrum  the  following  relationships  are  fulfilled:  A.  =  4c,,  and 

,  A  ^ 

«.  >»  |  d„ 
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Heisenberg  (19^3),  proceeding  I'roiii  t!ic  idea  that  the  process,  - >  1‘ 
energy  transfer  from  largo  to  small  eddies  1::  -similar  to  the  proct".; s 
ol'  transformation  of  mechanical  energy  Into  heat  under  the  action  of 
molecular  motions,  Introduced  Into  tin;  equation  for  energy  (bo:; Ido:; 
a  term  describing  molecular  dissipation)  a  form  describing  fir- 
transfer-  of  energy  from  motion:;  uf  large  real or,  to  motion:;  of  r.mall 
scaler  : 

o  e 

-  .=  2-t[s(U’)Q’*dQ'  -f 

*0  0 

•  I  *  9 

+  2a||5(2')|  J  Q' '  ■> J-2'§  (iJll) 

The  loft  aide  of  the  equation  represents  the  total  dissipation  of 

kinetic  energy  In  unit  ma;.;;  per  unit  time  1 : ■  motions  with  scales 

2a 

greater  than  L  —  while  tae  right  side  contains  terms  which 

describe  different  im-ehai; I  sm.  fur  «|] I  pat  ion  and  conversion  of 
energy . 

a  , 

The  term  2v/J»  dll'  <le'  •.•rmlno;;  the  ill  s.  :■  I  pat  J  on  of  kinetic 

0 

energy  directly  inf.;  I hurua  i  ei.err;.v  as  a  eonsequenre  of  molecular 
viscosity.  The  t*Tm  2a  f  I.S  (Q')\'W  *’  </Q'  fS  (Q")Q,n  M'  (a  :ls  an  absolute 

U  0 

constant  on  the  order  of  unify)  describee  the  transfer  of  kinetic 
energy  from  motions,  nf  la*-. re  scale.:  to  mot !  on,",  of  smaller  scales. 

This  transition  Is,  actually,  a  e  I  suae  ter  loti  o  feature  of  turbulence. 

Since  v.isccs'ty  v  equal:;  -.ho  product  of  the  length  of  the  free 
path  t  Lines  the  velocity  of  a  il  uailcs  with  an  accuracy  to  the  numerical 
factor,  by  analogy  turbulent  viscosity  should  represent  also  the 
product  of  the  path  lens?  h  i**-—  •■•f  s.mall  eddies  times-  their  velocity 

«...  -o  |  S(U)dU. 

The  trail:;  fur  of  cn<-:-|  y  from  mot  lens,  with  scale.;  greater  than  !. 
to  motions  with  smaller  s-  *.•:;  1  s  accomplished,  as  Heisenberg 
proposed,  by  all  eddies,  w.fii  scaler,  smaller  than  L.  Therefore 
turbulent  v  I  sc  os  tty  is  o-f  I  non  by  1  he  •••xnresr  i  i.n 


(l.J»2) 


The  solution  of  the  Heisenberg  equation  (Batchelor,  1955)  has 
the  I'orm 


5<2M£)T£r *[w-  wu<] 

When  Q«(  3S  r>  L-c-*  at  comparatively  small  B  where  viscosity 

'  8\U  / 

has  no  influence,  the  expression  ( 1 .  (1  jj )  converts  to  the  spectral 

law  "minus  five/th J  rds When  Q  > ^  U ,  where  molecular  dissipation 

plays  a  significant  role,  the  expression  for  the  energy  spectrum 
at  the  limit  takes  tin?  form 


$(2)n>2-».  ( 1 .  h  4  ) 

The  physical  Idea  at  the  basis  of  the  Heisenberg  formula  is 
more  suitable  for  the  case  of -exchange  of  energy .between  widely  spaced 
wave  numbers  than  for  the  more  important  case  of  energy  exchange 
between  wave  numbers  of  one  and  the  same  order  of  magnitude-.  Experi¬ 
mental  data  do  not  confirm  relationship  (1.44);  however,  on  the  basis 
of  this  relationship  It  is  possible  to  draw  certain  qualitative  con¬ 
clusions.  In  particular,  the  .introduction  of  an  additional  "consumer" 
of  energy  at  large  Q  -  dissipation  into  heat  -  loads  to  an  increase 
in  the  modulus  of  tin;  exponent  at  2  If  the  energy  spectrum  is 
expressed  by  a  power  function  of  si  1  is  the  form  S(Q) — fi~n . 

From  the  outlined  presentations  it  follows  that  a  turbulent 
flow  represents  the.'  superposition  of  eddies  of  different  dimensions 
from  a  certain  minimum  dimension  l 0  up  to  the  dimension  ,  which 
is  comparable  in  scale  with  the  flow  as.  a  whole.  Thanks  to  tide 
influence  of  viscosity  the  s 1  so  cf  the  eddy  cannot  be  reduced 
Infinitely.  General ly  speaking,  the  smaller  the  eddy  the  greater 
the  gradient  of  velocities  across  the  eddy  -  1 . e .  ,  the  greater  the 
viscous  shear  stresses  which  counteract  the  eddy  motion.  Thus,  in 
any  turbulent-  flow  there  should  exist  a  .statistical  Lower  limit  of 


I 


the  size  of  the  smaller.  t  eddy.  in  the  region  of  turbulent  scales 

!  where  I  ^  It,  direct  d  lasipatlon  of  kinetic  energy  of  turbulence  Into 

'  heat  will  occur, 

i 

t 

i,l 

Figure  1.1  shows  the  curve  oi‘  spectral  density  of  turbulent 
[;  energy  (the  energy  spectrum)  for  a  flow  Ir.  which  the  forces  of 

I-  gravity  cun  L  •  ignored.  in  the  red  atmosphere  this  r.orrerporid:'.  to 

!  the  case  of  neutral  thermal  strut  l  fl  cat,  lors .  The  region  a  ori  th'. 

figure  is  the  region  of  large  (anisotropic)  eddies  in  which  energy 
J ..  of  turbulence  arrives  from  the  energy  of  the  basic  motion,  and.  there 

i  is  also  transfer  of  energy  from  large  eddies  to  small  eddies.  Region 

t  . 

j  b  is.  a  region  of  dissipation  of  turbulent  energy  to  viscosity;  this 

( 

'  is  the  so-called  viscous  Interval.  The  intermediate  region  e  Is 

i  ...  - 

j  the  so-called  Inertial  Interval.  Ir.  this  region  the  appearance  arid 

;  dissipation  of  energy  of  turbulence  are  small  Ln  comparison  with  the 

arrival  and  consumption  of  energy  connected  with  the  transfer  of 

I  energy  over  the  spectrum  during  the  "crushing"  of  eddies. 

•  The  lower,  high-frequency  .boundary  of  the  inert.]  a. I  interval  Is 

the  region  where  the  spectra  should. be  defined  by  the  rate  of  energy 
3  dissipation  c  and  by  the  magnitude  of  kinematic  viscosity  v.  On  the 

f  j  basis  of  dimensionality  considerations,  it  Is  possible  to  construct 

I  from  these  quantities  a  linear  scale  of  turbulence  in  the  region  of 

J  which  dissipation  of  turbulent  energy  Is  accompli  died : 


Dissipation  La  greatest  along  this  scali-  / ^ ,  cal]  <>d  the  Kolmogorov 
microscale.  In  the  rollon  of  scale:?  which  aro  smaller  than  lQ  the 
curve  of  spectral  density  drops,  sharply  I'rr.uuse  of  vl scour,  degeneration 
of  the  eddies .  The  quantity  ,  approximately  an  order  of  magnitude 
larger  than  the  Kolmogorov  ml  crns-caU-  L^,  1  ■;  taker,  a::  the  lower 
boundary  of  the  Inertial  interval.  Kver.  In  the  region  the 
Influence  of  viscosity  he-.;cmo:>  si  gni  I'lcant .  The?  quantity  £,\  in  the 
lowest  atmospheric  layer  equals  appro:  5  mutely  min ;  this  has  been 
shown  by  experimental  studies.  In  the  region  of  scales  /'«/<!,„  the 
major  factor  in  inertial  transfer  of  turbulent  energy  over  she 
spectrum  without  losses, .  it  should  be  noted  that  in  the  free  atmos¬ 
phere  (for  which  large  He  numbers  are  characteristic ,  as  has  already 
been  pointed  nut),  the  Inertial  Interval  Is.  quite  (treat..  This,  is 
confirmed  by  exp.erl  nirntaJ  data. 

livery  th  i  ng  said  uhuV-  ivl.ui.--s,  Vo  tlr  suss  of  developed  turbulence, 
when  the  source  of  turbulent  energy  operates,  continuously  and  compen¬ 
sates  energy  losses  due  to  dissipation  Into  heat  and  other  factors,  . 

If  the  energy  source  ceases  to  operate,  turbulence  is,  degenerated. 

It;  tills  case  the  degenoL  ution  of  turbulence  eari  be  broken  down  into 
three  stages:  initial,  transition,  and  final  (.3.  Batchelor,  IQbn)  . 
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Tho  flow  ha:-,  already  ceased  to  be  turbulent  Jii  t!r-  ordinary 
meaning  of  tills,  word  ••  lu rim  lent  displacement  l.n  It  has.  terminated 
and  there  Is  only  a  quiet  "laminar"  attenuation  of  Individual  large- 
scale  [,'t.  rV.nrl'at  l< 'ini ,  retained  from  the  time  when  there  was  developed 
turhul  in  the  1'low  (Monlri,  Yaglom,  ld(>7). 

l.n  the  s.peetrul  theory  of  turbulence  which  was  developed  for 
flows  In  ‘unnels.  (Hhintse,  l-lb.j)  the  energy  a  pec  t  rum  ;  ri  the  final 
e-tap, e  of  degeneration  is-  defined,  by  the  .-expression 

5(Q.  0-  U'e~  (I.'i6) 

Here  the  law  of  der/.-n-'i-aL  ion  of  Intensify  '-f  turbulence  Is 
expressed  by  the  relationship 

_s_ 

u’:?ot  1  .  (l.'iy) 

Although  tin:  app  I  i  cue  i  I  i  ty  of  these  relationships  to  the  atmos¬ 
phere  requires  1  -th  t.ieoi-et  i  ea  1  arid  experimental  verification,  It  lr. 
envious  that  lu  the  atmu.  |  h-  re  Ln  the  degeneration  Jtai;e  eddies  of 
small  scale:;  will  at  ton  iau  rapidly,  while  large  ....Idles.,  deprived  of 
the  ability  to  transfer  licit'  energy  to  smaller  eddies,  may  exist 
for  a  comparatively  prolonged  period  of  time. 

ri  5.  INTERACTION  (If  AVF.RAuEU  AND 
TURBULENT  FIELDS  OF  TEMPERATURE 
AND  WIND  VELOCITY 


As,  w as  already  pointed  out,  the 
is.  tne  energy  of  the  pain  (’low.  The 
turbulent  trarisf'-  •  of  momentum  or  of 
'.lie  atmosphere  are  determined  not  on! 
the  main  flow  ( vor t i c i * y ) 1 ,  hut.  nisn 


basic  source  of  turbulent  energy 
Intensity  of  turbulence  and  the 
any  conservative  additives  in 
y  by  the  velocity  gradients  of 
by  the  nature  of  the  interaction 


1  strictly  speak  :  up:,  v-.i-f  1 «.  1  Ly  cur  I  V  (its-  component  along  the 
horizontal  axis  y,  perpendicular  to  the  main  Mow!  Is  defined  by  the 
formula  curl  V  =  hu/Hs  -  dw/dx)  .  But.,  s  5  nee  tb.e  s.econd  term  Is  sig¬ 
nificantly  smaller-  than  tic  first,  the  velocity  gradient  du/'dz  (wind 
shear)  Is,  frequently  cal',  ed  v  >rt  I  c  I  . 
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of  vorticlty  (du/dz)  of  the  main  flow  with  the  vort lolly  of  turbulent 
motions  (du'/ds). 

C.  'fchen  (1993)  singled  out,  the  case  when  the  vorticlty  of  the 
main  motion  is  small  compared  with  the  vort  1 c  l  t.y  of  turbulence  in  the 
eons  I  do  red  range  of  t'roquene  leu  (or1  scales),  and  the  cane  when  they 
are  mutually  eomparab !*:• .  In  the  first  oanc  a  barely  noticeable 
Into  ran  t;  ion  should  he  observed  and  vort!  city  of  the  main  motion 
fulfil  Id  only  The  function  of  "pumping"  of  kinetic  energy  of  average 
motion  into  energy  of  turbulence.  If  the  vort; ici tier,  of  the  main 
and  turbulent  motion;-,  are  mutually  comparable,  very  strong,  interaction 
between  them  in  possible.  Under  certain  conditions  thin  Interaction, 
according  to  Tchon,  can  lead  to  '..lie  appearance  of  strong  resonance. 

We  will  note  that  strong  Interaction  can  be  observed  in  the  region  of 
fractures  of  the  vertical  profile  of  wind  speed:; .  In  the  real 
atmosphere  the  effect  of  the  interaction  (weak  or  strong)  is  determined 
not  only  by  vortical  gradients  of  average  wind  speed ,  but  also  by 
vertical  gradients,  of  air  temperature. 

We  will  examine  the  spectral  characteristics  of  turbulence  with 
consideration  of  the  influence  of  the  degree  of  the  interaction  of 
vorticltion  of  tin.  main  and  turbulent  motions .  Proceeding  on  the 
ban  1  s  of  the  work  o:  F,  A.  G.lslna  (1966),  we  will  use  for  determination 
of  spectral  characteristics  of  turbulence  an  equation  obtained  from 
the  equations,  of  motion  ami  continuity  by  means  of  averaging  and 
expansion  Jn  Fourier  integrals.  On  the  assumption  of  local  uniformity 
of  turbulence  ,  thin  equal;  I  <;n  :ui.:  the  *‘o  l lowing  fern,  for  the  equi i  j  bri  um 
region  of  the  spectrum,  £2iS>Z.~'  ; 


2.  f  'J’JA'(C')i/2'-  [i(2')d2'  -I- 

C  ‘  *  W 

co 

f  (1.2)3) 

wher>  t  ( ;2 )  1  the  s« pet rum  of  turbulent  stress  of  friction;  F(fi)  is. 
a  fiUict  Ion  wliicii  charac terizes  the  transfer  of  energy  of  turbulence 
in  the  rang.-  of  wave  numbers  from  0  to  (2  -  i.e.,  to  pulsations  with 
higher  wave  numbers;  ll(f!)  is  trie  spectrum  of  the  vertical  liar,  flow, 
•while  R  =  g/n‘  1:  the  buoyancy  parameter. 


t 


After  Heisenberg  (1948),  one  can  assume  that 


m 

F(2)---.  K  (2)  •  2  f  Q'*S(Q')rfQ'. 


(1.49) 


whore 


•  i  a 

AT(S)"-aJ  |S(2')|yQ'  TdQ' 


( 1 .  59  ) 


is  the  coefficient  of  turbulent  viscosity,  and  a  is  a  numerical 
coefficient. 

In  the  case  of  weak  interaction  of  the  main  and  turbulent 
motions  in  the  region  of  wave  numbers  Q>L‘j4 


(1.51) 


and 


(1.52) 


where  a  Is  the  ratio  of  the  coefficients  of  turbulent  mixing  for  heat 
and  momentum. 

In  the  case  of  strong  interaction  of  the  main  and  turbulent 
motions , 


•  r*  1 1 

j//(2')d2'--8K'(0)  •  J^2',C(2')d2'r' , 


and 


(1.53) 


« 

-  2  (y  +  K(Q))  j  2’1  S  (2') d<2'  -[-  axK (Q), 


(1.54) 


where  C(ft)  is  the  spectrum  of  temperature  pulsations. 
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By  suhstl  tuting  the  express  ions  (Ul9).  (1.51)  and  (1152)  Into 
we  obtain  the  spectral  equation  for  the  case  of  weak  Interaction 
ol'  the  main  and  turbulent  motions: 


So  l.v.l  ni5  (.I.55)  with  eoii:.  I  derat- 1' u)  of  expression  (1.50)  gives 

S(2)  - (4-)’  (<-|  u,v) ’  a'  '  [  1  +  (1.56) 

As  we  nee,  in  the  cane  ol'  weak  Interaction  the:  nature  of  the 
energy  .spectrum  In.  .U-r.nivi.ho.l  -by  the  "minus  five/thirds''  law.  The 
Influence  of  nonunlformltlos  of  the  fields  of  average  temperature  and 
average  wind  speed,  do? fl nod  hy  the  quantity  a-^v,  la  manifested  in  a 
•change  in  the  magnitude  of  dissipation  of  the  energy  of  turbulence. 
The  gradient;:  of  temperature  and  average  wind  speed  create  an 
additional  source  of  energy. 
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:d  turbulent  motions  can  be 
nice  scales  which  are  commensurate 
■age  fields  of  temperature  and 
'eferu  it  is  possible  to  limit 
■rvaJ  of  wave  numbers 

i  s  uoss.  thcJ  to  .Ignore  the 
expressions  (L.'hl),  (1.53),  and 


a  r  w  1  ) 

t  --A'(<-h  •  2  J  Q,?S(-')  il-'  -|-  --"y  /f  (il)  I  2  J  2'J5(Q')i/2' I  *  — 

-a2A'(!2)j^f  Q,,C(2,)dU-j»  . 
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(1.57) 


Assuming  that  In  the  region  of  wave  numbers  indicated  above 
interaction  between  the  main  and  turbulent  motions  plays  a  greater 
role  than  Interaction  between  eddies  of  different  scales,  we  can 
Ignore  the  function  P(£i)  .  Solution  of  (1.57)  under  the  Indicated 
assumptions  and  with  consideration  of  (1.50)  gives  the  following 
expression  for  the  energy  spectrum: 


(1.58) 


where  N  Is  the  rate  at  which  t.  mperature  nonuniformities  are  leveled 
(see  5.  3,  Chapter  4 ) .  This  assumption  Is  fulfilled  for  the  wave 
numbers 


(1.59) 


Prom  (1.58)  it  follows  that  strong  interaction  of  the  main  and 
turbulent  fields  of  temperature  and  of  wind  speeds  will  lead  to  a 
change  In  the  form  of  the  energy  spectrum  as  compared  with  the  form 
of  the  spectrum  for  conditions  when  the  "minus  five/thirds"  law  Is 
fulfilled.  We  will  note  that  the  assumption  made  above  concerning 
local  uniformity  is,  as  F.  A.  Gisina  showed,  applicable  also  in  the 
case  when  vertical  gradients  of  wind  speed  are  changed  with  altitude. 
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CHAPTER  2 


METHODS  OF  EXPERIMENTAL  INVESTIGATION 
OF  TURBULENCE  IN  THE  FREE  ATMOSPHERE 

S  V  AIRCRAFT  METHODS  OF  INVESTIGATING 
ATMOSPHERIC  TURBULENCE 


A  characteristic  iV^uir  .  f  method.;  of  studying  turbulence  in 
the  lower, t  layer  of  the  rituosplioro  is  the  i  natal lal Ion  of  measuring,- 
instrument. -■  on  .-pool.'  I  structures  (lowers,  must:. , .  etc  . )  which  art- 
immobile  with  reaper. t  to  tin-  eai.-th  -  motions  of  air  measured  by 

such  .1  nr, tru merit:-  in  a  system  of  cuord Inal  us.  ■.-onm.-c ted  with  the  ground 
will  be  absolute.  On  the  other  hand,  measurement  of  the  speed  of 
ait-  at  high  altitudes  la  ii.osi,  (  i •>.< | Uor 1 1 ly  ■accompli  shod  by  balloon 
probes,  which  are  tar. I  ly  moved  about  by  the  a.lr  flow.  By  measuring 
the  speed  of  displacement  of  the  balloon:;  from  the  ground  by  radar 


or  other 

met hods  it  is 

I'uSi 
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it  lr.  obvious  that  t  he  aircraft  will  be  drawn  along  the  more  by 
afrno.jphtr-lc  mo  tier,  a ,  the  gr'-ai-r-  the  scale  of  tp.ese  motions,  while 
on  the  other  hand  for  very  r-mai  l-scilr-  mol  !»-ns.  tir.  aircraft  will  be, 
a  It  were,  a  pi  .a  l  form  wnlcli  I  :  fix--d  or-,  rn< .  i  exact,  jy, 
at  a  constant  .-.peed. 


which  moves 


Atmospheric  turbulence  Is  characterized  by  the  existence  of 
unordered  motions  of  very  different  scales,  some  cf  which  move  the 
aircraft  easily  while  others  have  virtually  no  effect  on  the  aircraft 
as  u  whole. 

Aircraft  investigations  of  turbulence  are  extremely  complex  and 
expensive  procedures;  therefore  it  is  advisable  that  such  experiments 
he  made  multipurpose  -  i.c.,  that,  the  aircraft  be  used  both  as.  a 
sensor  and  as  a  platform. 

The  majority  of  experimental  data  on  turbulence  in  the  free 
atmosphere  have  been  obtained  by  means  of  specially  equipped  aircraft  - 
flying  laboratories.  In  order  to  measure  the  average  values  of  the 
basic  meteorological  parameters  the  aircraft  (flying  laboratories) 
are  equipped  with  electrometoorographs  -  instrument. s  which  make  it 
possible  to  obtain  quantitative  thermal  and  dynamic  characteristics 
of  the  medium  in  which  turbulent  mot  Ions  exist.  An  airborne  electro- 
meteorograph  is  described  In  the  work  by  o.  i>1.  Shmetor  and  G.  M.  Shur 
(1957). 

In  the  following  paragraphs  of  this,  section  aircraft  methods  of 
measuring • the  characteristics  Inherent  to  turbulence  will  be  examined. 
As  a  rule,  unique  equipment  Is  used  during  the  measurements. 

During  the  outline  of  aircraft  methods  of  investigating  turbulence 
we  will  use  the  system  of  coordinates  connected  with  the  center  of 
gravity  of  the  aircraft  which  is  accepted  in  aerodynamics.  The  x-axlo 
coincides  with  the  direction  of  flight  and  is  called  the  longitudinal 
axis  of  the  aircraft;  for  an  aircraft  In  horizontal  flight,  the  y-axls 
coincides  with  the  direction  of  the  force  of  gravity  and  the  z-axis 
(transverse)  is  perpendicular  to  the  plane  xoy . 

a.  Method  Utilizing  the  Reaction  of 
the  Aircraft  to  an  Atmospheric  Gust 
(Overload  Method) 

'Upon  reaching  a  zone  with  developed  turbulence  the  aircraft  is 
subjected  to  action  by  a  perturbed  flow  and  begins  to  oscillate. 


experlenc  Lru'  a  ch;i nge  La  overloading  ( bump  i  ip')  1  .  Tin;  very  fact  ol' 
the  appearance  of  bumping  during  1M  Ight  of  :ir,  aircraft  In  a  perturbed 
flow  1 0.1  to  l ho  concept  ol'  as.  tug  data  on  It:;  Intensity  to  evaluate 
the  intensity  o  I1  a tmusphc r  1  e  turbulence  .  The  magu I  tade  ol'  aircraft 
overload  is  measured  in  this  -a.i'-  hy  special  .luat.ruments  -  accelerom¬ 
eters  . 


Tin-  s  I  1  •  I  ng  I  e  - :  v:;  on'  n 1  aero  1  <:  t  -a  mo  tor ,  depicted  or;  i-‘  I  g  , 

1.1,  tepro.  ■  ait  a  Inert  mass  in  'suspended  mi  spring  11  to  the  housing  of 
the  ]  nstrument .  .The  accelerometer  Is.  equipped  with  a  '  clamper  ft,  which 
counteracts  the  J  i  sp  laeemoni.  e,f  iaa:;a  in  wlt-h  r<  spud  to  the  housing 
of  the  Instrument  with  a  fores'  which  1:;  proport  1. final  to  the  speed  of 
tills  dlspla-or  'at.  ':'!m  euatlon  of  free  motion  of  the  accelerometer 
has  the  furnti 


d:X  ,  fix  , 

m-U/v  -I  °  ~ut'  +K*  - 


(2.1) 


where  p  J  s  the  dumping  factor;  K  is  sorlrn';  rigidity;  /.  Is  the  displace 
meat  of  the  lower  end  of  the  spring  from  a  position  corresponding  to 
m  -  0.  The  system  described  by  equation  ( ? .  .1  )  Is  ail  oscillatory 
■system  w  id'll  damping  and  when  it  in  removed  from  the  equilibrium  state 
it  will  attempt  to  return  to  It.  The  nature  of  the  attenuating 
cs  <•  1 1  I  a  t  tons  villi  vary  as  a  function  of  the  degree  of  damping.  In  a 
critically  damp'.!  system  when  l)  -  2/:nK  attenuation  will  _b  o  aperiodic 

when  D  *  0  nondamo I ng  one  L 1  la t  Ions  with  a  fro'iuenoy  toe— V— wll 
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K I  g .  3.1.  Diagram 
of  accelerometer. 


During  vertical  motion  of  the  accelerometer  with)  constant 
acceleration  a  we  will  have 


.r .  .Vf- a*  ■  =  —-(£ -f  a). 


(2.3) 


from  which 


A  xr--.”.a.  (2.4) 

K 

D ince  the  accelerometer  represents  an  oscillatory  cyatcm  with 
attenuation  whose  motion  in  described  by  a  linear  differential 
equation ,  when  an  external  periodic  force  acts  on  it  forced  oscilla¬ 
tions  will  appear'  in  it  with  a  frequency  equal  to  the  frequency  of 
the  action  of  the  external  force.  The  frequency  characteristic  of 
the  accelerometer  is  uniform  at  frequencies;  from  0  to  and  then 

•  reps.  The  accelerometer'  "clogs"  frequencies!  which  are  greater  than 
the  frequency  of  its  natural  oaei  nations . 

In  contemporary  aircraft  accelerometers  the  natural  frequencies 
Lie  within  the  limits  B-l'l  Ha.  Aircraft  accelerometers  hiave  an 
electrical  output:  di rplaeement  of  mass  m  is  converted  Into  dis¬ 
placement  of  the  pointer  of  a  potentiometer'.  Methods  and  instruments 
for  measuring  acceleration  were  outlined  in  detail  in  the  work  by 
N.  K.  Kobrinskiy  (loU?). 

Bos;  ides  mechanical  aooe  lt.-romehersi ,  piezoelectric  instruments 
exist.  They  have  a  higher  natural  frequency  ansi  possess;  good 
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sensitivity.  V.  i  .  Skutukiy  (19‘j7)  developed  a  plcioi,'  IccLrl  o  u.l  re  raft 
nrcclero motor  and  applied  it;  to  studies  of  thermal  turbu  l  cncc  at  lev/ 
alt  Itudcn . 

.itndy  of  atmospheric  ;  urbwlcnoe  by  mean;;  of  aircraft,  can  be 
carried  oat  according  to  a  variety  of  plate.  'r'lrni-  of  all  it  lr. 
j  ll)l  <.•  l  ..l.tidy  1. 1 ;  < .  a  pat.  i  a  !  character  lot;  '■  es  of  v.ouv.  In  which  an 
aircraft  experience.!  humpl ng  during  fllp.ii'  ;  the  duration  of  existence 
til'  them:  toner,  their  connection  with  fields.  of  averaged  meteorolop.l  eu 
parameters,  etc.,  cart  in-  studied.  With  each  a  "mao  ros.  coplo"  approach 
to  the  study  of  turbulence  ,  1  tr  Intensity  in  taken  -  aa .  equal  to  the 
intensity  of  hUK.nlng;  the  latter  i  r  evaluate  '  in  scale  mark:,  and  lr. 
broken  ilnen  into  weal;,  moderate ,  r.lioir;,  and  very  .strong  (roe  Chapter 
<1 )  .  Naturally  ,  rueh  (.'valuation:;  are  basically  qual  itatlvc  and,  in 
particular,  do  not  fake'  into  account  d  i  f  ferencor,  in  the  reaction  of 
tie.'  a  lie:  ral’t  to  gusts  with  niff- cent  velurll.v  and  duration. 

Secondly,  It  la  poor,  in  I  e  to  atudy  the  mlo restructure  of  turbu- 
V-ree.  [n  till.;  cane  the  object  of  study  la  the  quantitative  charac¬ 
teristic:  n f  turbulent  pul sat  Ions  in  the-  atmosphere  and,  consequently, 
If  lr  necessary  Co  acoomp.l  1  .;h  the  .a  trie  tout  possible  transition  from 
the  reaction  of  the  aircraft  to  a  turbulent  pur.t  to  the  parameters 
of  the  gust  Itself;  In  other  words ,  lri  this  case  the  aircraft  becomes 
a  meter  for  'near,  ur  1  rg  turbulence. 

Strictly  speaking,,  the  "'instrument"  for  measuring  turbulence 
consists  of  the  ay  stem  a  i  rern  ft  /••.(•  ee  I  •>  rowet  i  ■  i’ .  Till:;  instrument  hat; 
a  completely  determined  punr.band  In  to c><  <  he  scales  of  perturLa- 
t  ionr. .  Th o  aircraft  perceive:;  the  effects.  duo  to  perturbations  of 
different  scales  an  actions  of  different,  frequencies.  The  frequency 
of  the  action:;  Jr.  determined  by  the  aerie  <-■  f  the  p»y«-urbat  1  ona  and 
t he  flight  speed  of  the  aircraft .  Wo  v: *  3  i  note  that  by  using  the 
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regime.  In  order  i,u  Judge  Iho  true  magnitudes  oi'  turbulent  wind 
gust  velocities  iri  terms  ol-  aircraft  overloads  it  is  necesaury  to 
have  some  methods  of  convert  1  rig  from  overloads  of  the  center'  of 
gravity  or  another  point  In  the  aircraft  structure  where  the  instrument 
is  installed  eo  gust  speed  -  l.o.,  to  obtain  an  analytical,  graphic, 
or  tabular  relationship  connecting  these  two  quantities  by  calculation 
or  experimental  moan:'.. 

The  strictest  analytical  method  of  converting  from  reaction  of 
the  aircraft  to  a  gust  U  the  characteristics  of  the  gust  itself  is 
tire  use  of  equations  of  the  dynamics  of  the  aircraft,  by  means  of 
which  it  is  possible  to  connect  the  readings  of  a  measuring  instrument 
(accelerometer)  Installed  on  the  aircraft  with  a  turbulent  gust 
acting  on  the  aircraft.  Of  course,  the  system  of  dynamLc  equations 
should  include  the  equation  of  the  accelerometer. 

By  using  the  method  of  small  perturbations  it  is  possible  to 
describe  the  behavior  of  an  aircraft  by  moans,  of  linear  differential 
equation:;.  It  is  known  that  If  any  dynamic  system  can  be  described 
by  a  differential  equation,  and  also  If  the  action  on  the  system  can 
be  written  analytically,  then  by  solving  this  equation  (whose  right 
side  includes  the  action)  we  obtain  a  complete  picture  of  the  behavior 
of  the  system.  However,  analytical  solution  of  such  an  equation  is 
not  always  possible,  i-'.ven  if  the  system  is  described  by  a  linear 
differential  equation  with  constant  coefficients  and  with  a  simple 
right  side,  solution  of  such  an  equation  at  an  order  above  the  fourth 
requires  very  laborious  calculations. 

Methods  exist  in  the  theory  of  harmonic  analysis  which  permit 
making  judgements  about  the  behavior  of  a  system  without  solving  the 
differential  equation  (see  So lodovnlko v ,  19hB).  A  function  which 
connects  the  reaction  of  a  linear  dynamic  system  to  an  action  with 
the  action  itseif  Is  called  transfer  function  ar.d  can  be  defined 
as  the  ratio  of  the  Fourier  transform  :<(w)  (where  u>  is  the  angular 
frequency)  for  the  quantity  on  the  system  output  to  the  Fourier 
transform  F(u)  for  the  act  lor:  f(l. )  on  it:;  Input.  In  this  case  the 
transfer  function  4>(w)  or,  as  it  is  sometimes  called,  the  complex 


gain  factor,  taker,  on  a  completely  defined  Independent  physical 
mean  Ini;.  Its  modulus  Lr  none  other  than  the  amplitude  gain  faetor 
for  each  individual  harmonic  component. 

Determination  of  transfer  functions  ol‘  systems  with  a  large 
number  of  degrees  of  freedom  requires  very  laborious  calculations 
and  is  possible  only  by  using  electronic  computers . 

Using  the  methods  of  harmonic  analysis,  It  is  possible  to  solve 
the  reverse  problem  -  i.e..  If  the  reaction  of  the  system  to  any 
disturbance  is  known,  it  is  possible  to  find  the  disturbance  itself. 
During  investigation  of  atmospheric  turbulence  the  problem  is  stated 
in  precisely  this  form;  however,  in  this  case-  the  actual  effect  of 
turbulent  gusts  on  the  a.!  re  raft  and,  consequently,  the  reaction  of 
the  aircraft  to  the  gusts  (overload  increment)  represent  random 
function:',  of  time. 

It  is  possible  to  impose  certain  limiting  assumption:;  or;  these 
random  functions.  We  will  consider  that  the  investigated  process 
(atmospheric  turbulence)  is  a  quasi- stationary  random  process;  in 
/  tlier  words,  the  shape  of  the  probability  distribution  function  does 
no*,  depend  on  displacement;  of  the  readout  origin  along  the  time  axis 

As  was  already  indicated,  the  spectral  theory  of  ... suUionary 
random  processes  developed  by  A.  Ya.  Khinchin  (1933)  makes  it 
posslele  to  extend  the  method  of  harmonic  analysis  to  cover  the  stud 
of  random  processes.  In  this  case  the  object  of  study  Is  r.ot  an 
Individual,  completely  determined  oscillatory  process,  but  the  law 
of  distribution  of  probabilities  of  different  possible  variants  of 
the  flow  of  such,  a  process. 

The  results  of  experimental  Investigations  of  atmospherl  c 
turbulence  to  solve  many  problems,  both  theoretical  and  applied,  can 
be  presented  most  conveniently  in  the  form  of  correlation  and 
structural  functions  or  energy  spectra  (see  Chapter  1).  If  a 
stationary  random  process  fit)  acts  on  a  linear  dynamic  system, 


function  of  the  system  *t> ( ui )  arc  known,  it  la  pom; ibl e  to  calculate 
the  energy  spectrum  of  the  reaction  of  lht;  system  to  tin-  action, 


*«,(")  i  ■■■ 

|  ■  1 1 .1  x  =  o 1 1 1.  ;  a y  ~  !  ti  | 


To  solve  the  reverse  prob  l  •* in ,  •  l .  e . ,  to  •ii-Lot'ini nc  ti,"  spectral 
density  (energy  spectrum)  of  the  fiction,  It  In  possib  lo  to  write 

$,.<«">  -■  5*. (»)|«I'(«»)|~*.  .  (2.6) 

This  very  important  conclusion  of  tin;  t horsy  of  stationary 
random  processes  war.  used  an  a  bar.  Is  for  the  method  of  obtaining  the 
energy  spectrum  of  turbulence  by  means  of  an  aircraft.  The  quantity 
l«I>  (.u)|-!  for  each  specific  frequency  Uj,  represents  the  numerical 
factor  lt»k\  consequently, 

-S'..,K)  -  (2.7) 

Calculation  of  the  transfer  function  of  such  a  complex  system 
as.  an  aircraft  is  carried  out.  under  certain  limiting  assumption:;  . 

The  first  of  these  is  the  assumption  of  the  smallness  of  oscillations 
of  the  aircraft  around  a  stable  horizontal  flight  regime;  tl;1  a  maker. 
It  possible  to  solve  a  1  Inoar  problem. 


if  the  elastic  properties  of  the  a  1  re  raft,  structure  are  not 
taken  Into  account  and  the  oscillations,  of  the  aircraft  are 
considered  to  be  small,  calculation  of  the  transfer  function  can  lie 
carried  out  by  using  a  system  of  linear  equations  derived  by  M.  I.  Yudin 
(19**6),  uescrit  lag  longitudinal  oscillations  of  the  aircraft  in  a 
turbulent  atmosphere : 

?I*M||V|  i  <’u’h  |-«|.|Y-.-  (If. II, 

V'i.  i  1  a..!t.  f  ,}  g 

Vj  (  1 1  rn  ' !  uu'si'i  1  ;  S  (l  ■. i  \i  ■■■ 

a ...'1,1  11,,/ij, 
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where  $ ^  is  the  pul:;atlun  of  the  horizontal  velocity  of  the  aircraft 
center  of  gravity,  referred  to  the  average  flight  speed  v;  ■!>.,  Is,  the 
pulsation  of  the  vertical  velocity  of  the  center  of  gravity,  referred 
to  v;  is  the  pulsation  of  the  pitch  angle;  is  the  pulsation  of 
the  horizontal  wind  speed,  referred  to  v;  u0  is  the  pulsation  of  the 
vertical  wind  velocity,  referred  to  v;  a , ^  are  dimensionless  coeffi¬ 
cients  which  depend  on  the  aircraft  structure  and  the  flight  regime . 

■During  the  derivation  of  the  equations;.  .11  was  assumed  that  flight 
occurs  without  intervention  of  the  pilot:  In  control  of  the  aircraft 
and  that  the  undisturbed  flight  regime  is  horizontal. 


We  will  consider  the  development  of  the  transfer  function  of  tin; 

aircraft  from  the  M.  I.  Yudin  system  of  equations  by  the  A.  D .  Dubov 

method.  Considering  that  the  following  are  used  as  characteristic 

quantities  in  the  system  of  equations,  written  in  dimensionless  form: 
m  rn 

-s—  -  oharacteris  tie  time  and  11=3—-—  -  characteristic  inass,  who  re 

b.(  Is  the  mean  aerodynamic  chord,  Dubov  introduces  the  designations 


where  a  =  — ^  —  =  CJ- .  ilere  he  assumes  that  deflections  of  the  f  11.  lit 

v  2 

from  the  horizontal  are  small  and,  consequently,  the  vertical  axl:: 
of  the  accelcrograpn  is  deflected  very  little  from  the  true  vertical . 
The  aircraft  is  considered  to  be  an  oscillatory  system  with  six 
degrees  of  freedom  and  It  is  assumed  that  it  accomplishes  esc  Illations 
as  a  rigid  body. 


Using  these  relationships, 
equations  (2.8)  to  the  form 


it  is  possible  to  bring  system  of 
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Giving  the  reaction  ol'  the  aircraft  (to  overload)  In  the  form 
of  Fourier  cor  lea 


»,~2» mC,V-', 

N 


we  will  find  the  solution  ol'  the  system  In  the  form 


(2.10) 


(2.11) 
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(2.12) 

(2.13) 
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Subsequently  the  following  assumption  is  made.  We  will  present 

A-,,  in  the  form  of  the  sum  of  two  components’  ki.?)  ,  causing  vertical 
2N  (U  *N 

overloads  of  the  aircraft,  and  ,  causing  longitudinal  overloads. 

Considering  that  a  vertical  gust  will  cause  mainly  vertical  overloads 

we  arrive  at  the  relationship 


.  !■  r'Vv'i-' 

|  «,lV p  -  - -  - /V  A'i5 1  /l , v | 

(cq  !•  <■  71V -iu- )  |*  (t  ^  ■I1)' 


where 
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To  evaluate  the  error  which  arises  because  longitudinal  accelera 
lions  are  ignored,  Dubov  proposes  the  formula 
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Then 
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where 
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Inspection  of  a  large  quantity  of  recordings  of  vertical  and. 
longitudinal  overloads  during  flights  in  zones  of  turbulence  showed 
that  on  the  average  the  longitudinal  components  cf  acceleration  are 
an  order  of  magnitude  smaller  than  the  vertical  components. 

From  formula  (2.15)  we -can  obtain  the  square  of  the  modulus  of 
the  aircraft  transfer  function: 
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The  transfer  function  for  an  elastic  aircraft  was  calculated  by 
0.  A.  Kuznetsov.  Aircraft  oscillations ,  simulated  by  a  system  or 
elastic  beams , were  expanded  in  series  with  respect  to  a  system  of 
orthogonal  functions,  which  represent  the  chapes  of  natural  vibrations 
of  the  aircraft  in  a  void.  With  the  given  forms,  using  the  hypothesis 
of  _■  tationar  tty  ,  the  aerodynamic  forces  and  coefficients  of  the 
equations  of  motion  of  the  aircraft  are  determined.  The  motion  of 
the  aircraft  is  considered  during  the  action  of  a  vertical  gust  of 
wind  whose  intensity  varies  in  space  by  a  sinusoidal  law  with  a 
wavelength  equal  to  >■ .  The  frequency  of  the  action  u>  of  such  a  gust 
on  an  aircraft  flying  at  speed  v  is  determined  as 


(2.19) 


The  steady-state  motion  of  the  aircraft  is  determined  during  the 
action  of  a  gust  of  the  given  frequency  with  amplitude  A;  in  this  ease 
the  maximum  amplitudes  of  overloads  are  determined.  Figure  2.2  gives 
the  transfer  function  for  overloads  in  various  sections  of  the 
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fuselage  of  an  elastic  aircraft.  The  corresponding  sections  are 
snown  on  the  drawing  of  the  aircraft. 


Fig.  2.2  .  Transfer  functions  of 
various  sections  of  the  fuselag 
of  an  elastic  aircraft. 

KEY:  (1)  rad/s . 


From  Fig.  2.2  it  is  clearly  evident  that  the  aircraft  will 
react  quite  differently  to  gusts  of  different  frequencies  (scales). 

As  is  known,  an  aircraft  Is  carried  along  well  by  motions  of  large 
scales  and,  consequently,  does  not  react  to  these  motions  with  any 
noticeable  overload.  At  the  maximum  during,  flight  of  an  aircraft 
in  a  flow  which  has  a  vertical  component  of  velocity  with  zero 
frequency  the  aircraft  will  have  a  corresponding  vertical  component 
of  velocity  and  will  not  experience  any  overload.  The  transfer 
function  <t(0)  will  therefore  equal  zero.  As  the  frequency  of  the 
action  increases  the  aircraft  reacts  over  better  and  better’  to  a 
gust  with  an  overload,  which  corresponds  to  a  smooth  growth  in  the 
value  of  the  transfer  function  in  the  frequency  interval  from  0  to  . 
In  the  region  of  high  frequencies  the  transfer  function  of  a  rigid 
aircraft  is  virtually  invariable. 

The  figure  shows  the  transfer  function  of  the  instantaneous 
center  of  gravity  (curve  3)  -  a  certain  fictitious  point  which  is  not 
connected  with  the  structure  of  the  aircraft  and  for  which  its  elastic 
properties  are  not  essential.  Therefore  it  is  possible  to  consider 
the  transfer  function  of  the  instantaneous  center  of  gravity  to  be 
the  transfer  function  of  an  equivalent  rigid  aircraft. 
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In  contrast  to  a  rigid  aircraft,  an  elastic  aircraft  has  a  whole 
series  of  natural  resonance  frequencies,  where  the  resonance  properties 
are  different  In  different  sections  of  the  aircraft.  As  Is  evident 
from  the  figure,  this  leads  to  a  very  complex  shape  of  transfer 
functions,  differing  substantially  from  4>(w)  for  the  equivalent  rlglu 
aircraft.  Rut  In  the  region  of  high  frequencies  the  aircraft  wiil 
not  react  to  gusts  as  a  whole,  since  there  is  an  influence  of  its 
linear  dimensions  and,  In  addition,  of  the  Inertial  properties  of  the 
measuring  instrument  -  the  accelerometer,  which  should  react  to 
overload  by  displacement  of  a  certain  mass .  Naturally,  such  dis¬ 
placement  cannot  occur  instantaneously  and  the  measuring  instrument 
will  "clog  up"  the  high  frequencies. 

All  of  the  above  means  that  the  aircraf t/accelerometer  system 
will  react  with  a  noticeable  overload  only  to  gusts  of  a  certain 
range  of  frequencies  (scales). 

By  using  the  transfer  function  it  is  possible,  as  it  were,  to 

"restore"  the  real  distribution  of  gusts  in  terms  of  frequencies 

also  in  the  region  of  small  frequencies,  down  to  a  certain  frequency 

ui  ,  for  which  the  value  of  the  transfer  function  can  also  be 
ml  n 

determined  correctly.  In  the  region  of  large  frequencies  one  should 
limit,  oneself  to  the  frequency  u>max,  corresponding  to  the  horizontal 
dimension  of  the  aircraft  itself: 


(2.20) 

[mshc  =  niaXj 

Where  v  is  tbo  speed  and  L,  is  the  horizontal  dimension  of  the 
a  I re raft . 

Transfer  functions  can  be  obtained  experimentally .  For  electrical 
systems  the  problem  of  experimental  determination  of  transfer  functions 
is  solved  comparatively  simply:  a  sinusoidal  input  signal  is  supplied 
to  the  system  input  and  after  attenuation  of  the  transient 
the  amplitude  and  phase  of  the  voltage  on  the  output  are  measured. 


ihmh  measurements.  art'  eondue Led  l  or  the  entire  range  of  investigated 
f requeue lea .  The  experimental  determination  of  the  aircraft  transfer 
function  reci ulrea  complex  special  equipment  and  the  preparation  of  a 
dynamic  model  of  the  aircraft.  Censor:;  for  the  measured  on  e.-i  m<  'ter:;  - 
overJoadi;  at  various.  points,  of  the  structure ,  bend  i  ng  and  'eiridnn 
mom  eats  ,  etc.  -  are  In. '.tailed  on  I. he  model.  The  meori  is  placed  in  rdi 
work  l  nr,  section  of  a  wind  tunnel  and  tested  in  the  usual  method. 

Then  by  means  of  a  special  device  .sinusoidal  transverse  perturbations, 
are  imposed  on  the  main  flow;  the  frequency  of  these  perturbations 
can  be.  varied.  Exactly  as,  in  the.  case  of  electrical  systems  ,  .after- 
attenuation  of  the  transient  process  the  amplitudes  of  oscillations 
cf  the  Investigated  parameters  are  measured.  If  the  elastic  proport i.e 
of  the  aircraft  arc  cons. Id'  red  It  is  Impossible  to  lie  limited  to  the 
study  of  the  motion  of  a  single  point  -  the  aircraft  cent  si’  of 
gravity.  An  .elastic  system  can  bo  likened  to  a  multipole  with  a 
single  input,  and.  numerous,  '•utputs ,  i.e.,  different  points,  behave 
differently  under1  one  and  the  same  action.  During  experimental 
determination  of  the  transfer  functions  phase  shifts,  as  a  rule,  are 
not  measured  -  I.e.,  a  model  of  the  transfer  function  is  obtained  as 
the  result  of  the  experiment.  As.  was  shown  above,  to'  study  the 
structure  of  turbulence  it  Is.  necessary  to  have  precisely  the  modulus 
of  the  transfer  function. 

Using  the  model,  It  is  possible  to  "solve"  the  problem  of  the 
behavior  of  an  aircraft  undo:’  the  effect  of  any  act.  ion.  There  is 
only  a  .-.Ingle  11  mi  tut  lor:  hero:  it  Is.  necessary  that  during  any 
action  the  natural  oscillations  of  the  system  be  attenuated  witli 
time.  Trt  this  case  the  actual  behavior  of  the  aircraft  will  be  the 
solution  to  the  problem. 

There  exist  other  experimenter.]  methods  for  determining  transfer 
functions  of  aircraft  which  do  not  require  the  preparation  of  a 
dynamic  model.  If  Independent  measurements  are  used  to  obtain  the 
energy  spectrum  of  the  velocities  of  turbulent  gust-,  an'  tie  energy 
spectrum  of  overloads  of  the  aircraft  center  of  gravity,  their  ratio, 
as  follows,  from  (2.6),  will  equal  the  square  of  the  modulus,  of  the 
aircraft  transfer  function.  B.  M.  Koprov  (l'Jht)  carried  out.  flights 


un  an  aircraft  equipped  with  instruments  permitting  determlnat ion  of 
the  --pcctrum  of  vertical  overload  on  the  level  and  close  to  a  tower 
on  which  anemometers  measuring  the  vertical  component  of  velocities 
had  been  installed.  Considering  turbulence  to  be  frozen  and  calculating 
the  average  velocity,  Koprov  calculated  the  spatial  energy  spectrum 
of  the  vertical  component  of  turbulent  gust:: .  Dividing  the  spectrum 
of  gusts  by  the  spectrum  of  the  overloads,  Koprov  obtained  trie  value 
of  the  square  of  the  modulus  of  the  transfer  function. 

0.  N.  Chur  (1959)  developed  a  method  which  makes  it  possible  \-,o 
obtain  automatically  the  energy -spectrum  of  the  vertical  component 
of  velocity  pulsations.  The  method  Is  based  on  the  following  limiting 
assumptions  : 

1)  turbulence  in  the  atmosphere  la  a  stationary  random  process; 

2)  turbulence  Is  uniform  and  frozen  and  therefore  by  considering 
the  speed  of  the  aircraft  v  in  the  period  of  the  measurement  regime 
to  be  constant,  it  is  possible  to  convert  from  the  scale  of  time  to 
the  scale  of  length  (from  angular  frequency w  to  wave-  number  SI  *  w/v)  '  ; 

3)  the  aircraft  with  an  accelerator  installed  on  it  is  a  linear 
system  and  therefore  the  relationship 

I *(2)1"*  • -5.(2).  (2.21) 

which  1c.  easily  obtained  from  formula  (2.6),  Is  applicable. 

The  equipment  for  this  method  consists  of  two  sets:  airborne 
and  ground.  All  processing  Is  carried  out  on  the  ground  under 
stationary  conditions. 

Figure  2.3  shows  the  functional  diagram  of  the  method. 

1  During  aircraft  investigations  the  requirement  that  the 
[turbulence]  be  frozen  is  apparently  too  strong,  since  the  great 
speed  of  the  aircraft  permits  making  a  virtually  instantaneous  cross 
section. 
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!•’ I .  ■- .  .j .  Kunri  lutin';  diagram  ul'  the  method 
of  obtain  lug  tin'  energy  spectrum  of  atmos- 
p'ne etc  turbulence . 

KiiY :  (1)  Magnetic  memory  system;  (,?) 

Measurement;  (($)  Coding;  ( Ji )  Recording,;  (fi) 
Reproduction;  (6)  Decoding;  (7)  l-lxpansion  to 
harmonica;  (fi)  Mquare-law  detect  Ion  and 
averaging;  (•))  Multiplication  by  |  i ( u)  |  ; 

(10)  Switching;  (1!)  Readout. 


The  essence  of  tin;  method  la  us  follows.  The  overloads 
experienced  by  the  aircraft  are  measured  by  an  Instrument  having  an 
electrical  output  and  arc  coded  by  a  pulse-frequency  modulator  and 
recorded  on  magnetic  tape.  During  processing  (on  the  ground)  the 
recording  Is  reproduced,  deciphered  In  a  pulse  decoder  and  fed  to  the* 
input  of  a  spectral  analyzer.  The  circuit  of  the  spectral  instrument 
Includes  an  elect  ri  c.il  mod-  !  of  the  quantity  reciprocal  to  the  square 
of  the  modulus  of  the  t  runs  for  function  of  the  a.I  reraf  t/accelerometcr 
system.  The  voltage  on  the  Input  of  each  filter  is  multiplied  by 
the  coefficient. 


(2.22) 


Then  the  outputs  of  all  channels  arc-  .witched  In  a  determined  sequence 
to  an  electronic  indicator.  The  use  of  a  magnetic  memory  system 
makes  it  possible  to  change  the  time  scale  arid  to  match  the  frequency 
bands  of  the  investigated  process  and  the  spectral  instrument.  The 
method  described  above  Is  s. in’  \  st  1  cal  in  Its  very  nature  :  therefore 
its  application  requires,  .dal.  I  at  1  cal  stability  of  the  series  of 
mear.uron.ents  -  i.c.,  si  if.  e  lent  ly  prolonged  realisation  under 
conditions  -.’hen  the  hv  pi.  thus,  i  s  of  s  tut  I  onar  i  tv  is.  applicable.  In  this 
case  individual  (in  particular  extremal )  value's-  of  turbulent  gusts 
cannot  be  manifested  from  the  final  result. 
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As  follows  from  the  above  description  of  Liu:  method,  the  signal 
containing  Information  on  the  overload  is  sub. looted  to  numerous 
conversions  and  to  spectral  processing ;  also,  multiplying  by  a  factor 
which  with  the  mar, allude  of  the  reciprocal  of  the  square  of  the  trans¬ 
fer  function  modulus,  determined  analytically  with  certain  allowances , 

J  introduced  into  the  calculation  scheme.  Therefore  the  basic 
source's  of  error  In  th“  method  aie  first  the  units  of  the  measur  1  nr, , 
converting,  and  processing  equipment  and  secondly  the  actual  transition 
from  overload  to  gust  -  l.e.,  the  transfer  function  of  the  aircraft/ 
accelerometer  system.  Besides  this,  since  the  transfer  function  Is 
calculated  for  horizontal  flight  without  pilot  intervention  in 
aircraft  control,  Intervention  of  this  type  Is  an  additional  source 
of  error. 

The  mean  square  relative  error  of  measurement  of  vertical  over¬ 
load  amplitude  equals  +0,01. 

Frequency  distortions  Introduced  by  the  overload  meter  have  a 
systematic  nature  and  arc  taken  into  account  by  the  transfer  function 
■of  the  a lrcraf l/ac coleromoter  system. 

The  magnetic  memory  system,  consisting  of  a  pulse-frequency 
modulator,  a  recording  magnetograph,  a  reproducing  magnetograph , 
and  a  demodulator , introduces  a  relative  mean  square  error1  equal  to 
+  0.06;  basically  this  error  is  determined  by  the  nonuni fortuity  in  the 
rate  of  travel  cl1  trie  magnetic  tape  in  the  magneto  graph  a  (so-called 
"detonation" ) . 

The  spectral  equipment  used  for  statistical  processing  -  a 
subsonic  frequency  spectrometer  (see  Chapter  3,  &  4 )  -  consists  cl 
units  which  carry  cut  a  number  of  successive  operations  with  a 
similar  signal:  amplification,  expansion  to  harmonics,  square-law 
detection,  and  averaging.  The  averaging  time  is  identical  for  alL 
channel:';  however,  if  we  consider  that  the  amplitude  of  each  oscilla¬ 
tion  singled  out  by  the  filter  is  an  independent,  measurement,  it 
turns  vut  that  averaging  with  respect  to  the  quantity  of  these 
measurements  will  depend  on  the  average  pass  frequency  of  the 
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co rrca ponding;  filter.  There Co re  t ) i < .*  mean  .••quare  < 1 1 ■  t -c > j •  for  the 
:-.pec‘;  I’Uiri ,  with  consideration  of  error:-.  Introduced  by  the  overload 
meter  and  the  magnetic  memory  system,  ir.  a  function  o!'  frequency . 
On  the  smal lor. t  frequency  it  equal:;  -Ki.vH,  while  for  the  maximum 
frequency  It  ir.  Hi.  0.1. . 


The  t  ranr.  !’cj’  function  of  a  real  aircraft  ir.  different  from  the 
theoretieuliy  calculated  quantity.  Llrrurs  In  If:;  deterni.i nat .1  on  are 
connected  with  the  fact  that  calculation  Is  carried  out  under  certain 
simplifying  assumptions.  To  evaluate  the  obtained  errors,  measure¬ 
ments  were  carried  out  at  two  points  of  the  aircraft  for  which  the 
analytically  calculated  transfer  functions  differ  substantially.  As 
might  be  expected,  the  nvtrload  spectra  obtained  experimentally 
differ  strongly  from  one  another;  however,  after  Consideration  of 
transfer  functions  of  the  corresponding  point:;  .or  the  structure  the 
relative  difference  In  the  obtained  values  did  not  exceed  +0.2-0.3. 

The  errors  Introduced  by  pilot  t  nter.v.er.t  ion  in  aircraft  control 
are  not  subject  to  analytical  determination;  therefore  measurements 
are  carried  out,  a;;  a  rule,  with  the  aircraft  controls  locked.  If 
the  pilot  nonetheless  finds,  if  ir-eossary  to  Intervene  In  aircraft 
control  during  flight  in  a  turbulent  flow,  when  the  measurement  data 
are  being  processed  the  segment:,  of  the  recording  made  during  the 
time  when  data  from  instruments  installed  on  the  aircraft  indicate 
deviation  of  the  elevator  of  greater  than  one  degree  are  excluded. 


Along  with  the  statistical  characteristics  of  turbulence , 
measurements  on  an  ai  rcraft  make  if  puss  isle  to  find  the  speed  of 
individual  wind  gusts.  During  the  calculations  use  Is  made  of  the 
ratios  between  the  speed  of  1  ir:  gust  and  the  react  lor.  of  the  aircraft 
to  it;  these  ratios  arc  found  from  the  equations  of  flight  dynamics. 
Thus,  A.  3 .  Dubov  { Id  6 1  )  used  1  iso  Syrian  of  equation;;  (il.B'j  to 
obtain  the  following  forma  la  for  determination  of  the  speed  of  it 
vertical  gust  w: 


IGin 

6V>,r.  1/ 

9  'ft 


(2.23) 
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1.1/ 
1  «» 


Here  w  is  given  in  in/r. ;  the  overload  increment  An  =  n  -  1  in 

given  in  fractions  of  a  gravity;  the  equivalent  airspeed  (j.e.,, 

reduced  to  a  pressure  of  760  mm  Hg)  vu  is  given  in  km/h;  the 

deflection  of  the  pitch  angle  A* i  In  given  in  degrees;  aircraft  weight 

0,  in  kilogram:;;  wing  area  S,  in  square  meters;  cj1  =  -*-v-  is  the 

—  ./  dec 

de r 1 vatl of  the  lift  coefficient  c  with,  connect  to  angle  of  attack 

y 


a;  Pq  and  are  the  density  of  air  at  the  7o0  mm  iig 


vel  and  at 


the  altitude. of  flight.  The  second  term  In  formula  (2  .23)  equals  the 
vertical  velocity  imparted  to  the  aircraft  an  a  result  of  its  being 
pulled  along  by  a  gust 

As  A.  S.  Dubov  showed,  formula  (2.23)  can  also  be  used  in  those 
cases  when  the  pilot  intervenes  in  control  of  the  aircraft.  Thin 
makes  it  very  convenient,  since  it  in  impossible  to  carry  out  a 
flight  in  a  zone  of  strong  bumping  with  locked  control:;. 

During  derivation  of  formula  (2.22)  a  number  of  simplifying 
assumptions  were  made;  to  be  precise,  it  was  considered  that  there 
are  no  horizontal  air  gusts,  the  aircraft  is  absolutely  rigid,  and 
finally  that  the  aerodynamic  factors  entering  into  (2.23)  are 
unchanged  during  flight  in  a  zone  where  vertical,  flows  exist. 

The  largest  errors  are  introduced  by  ignoring  horizontal  wind 
gusts.  We  will  carry  out  an  approximate  evaluation  of  those  errors, 
assuming  the  aircraft  to  be  rigid. 

Aircraft  lift  is 


while  aircraft  overload  it 


A  ,  S  f-ta 

It  "  Q  Cy  -jj"  ^  “  1 


(2.25) 


Mince  n  Is  a  function  only  of  a  and  v,  the  change  in  the  overload  can 
bo  described  the  formula 


A"  -  "  2  f*  >7  -i-  ‘CyV ±v).  '  /  • 

It  In.  obvious  that  formula  v'.’.fM'  is  valid  only  under  !  he 
aLiiUir.pt.  lori  that  while  inside  a  p.ur.t  e  f  air-  tin:  aircraft  doer,  not. 
munai-e  to  aeiulre  a  no  f. 1  ee-nh  1  •>  ;  pi  **>i  i  In  the  HI  net  I  on  of  flic  emit.. 
It;  i, III;1,  cure  -  V.'/  V  =  An,  l-hmi . 


Art  =  yP  y-('t'4+l.V/At)). 
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If  la  obv  louts  that  the  first  '.'irm  Iri  formula  (2.27)  corresponds 
tii  the  overload  aria  Inj.-,  because  of  the  act.  Ion  of  a  vertical  j.r,usl  w, 
while  tite  second  rep n-arn fa  Uie  overload  ar.l:s.luj*  under  the  Influence 
of  a  chanj'.e  In  a l r« peed  Av  (for-  example,  such  a;-,  ml.'ht  be  caused  by 
a  horizontal  yprsL  of  ; t  L r ■ )  .  The  ratio  of  the  overload  caused  by  the 
iiorl/.ontal  pub t  with  .speed  A  v(An  )  to  the  overload  In  a  vert!  cal 
>*u . .  t  v/ 1  th  speed  w(  An  )  aqua  I  r. 


•Sn, 

A*7 


2<-.Av 
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The  quantity  An  /An  usually  comp  r  i  a  on  from  0.0(1  to  0.2‘3£. 


'Hie  equ Ipmont  used  for  calculation  of  the.-  velocities  of  'ant 

facts;  by  the  Dubov  formula  la  s  i  i;n  L  I"  leant  ly  simpler  tnan  the  o.ju  Lpmont 
roqu  l  red  to  obtain  the  spectrum  of  turbulence  and  It  is  'entailed 
directly  on  the  aircraft.  as  Is  evident  from  the  formula,  to  obtain 
the  vertical  speed  of  air  If  !  s  necessary,  aloin’:  with  measurement 
of  An,  t.o  calculate  the  rate  at  will  ch  the  aircraft  lr>  carried  aloud 
by  a  f.us t  -  i.o.,  it.  1:;.  necessary  to  i r.t  e^rate  the  vortical  over-load 
in  t l me : 


v 


i 


\nd-  [-  r, 


(  2 . 2() ) 


We  will  consider  that  |  -dor  to  la-  I-.-;;-!  nn  l  nr;  ■  f  the  action  cf 
the  f *; u : s t ,  on  the  al  rcru  ft  tin.-  latter  wan.  i’iy  ini*  '•orlxoiitaliy ,  i.o., 
u  =  0  .  'l'h  in.  no  rrer.  ponds  to  a  ;r.  I  js  r ;  >  r.i"  zero  Initial  condition;!. 


The  principle:',  arid  device:',  for  integrating  electrical  signals 
are  widely  known  and  arc  baaed  on  the  Integral- ini'  proportion  of 
certain  circuits.  An  electronic  overload  integrator  baaed  on  an 
amplifier  with  feedback  in  terms  of  the  derivative  was  used  by 
G.  N.  Chur  (i'-)‘j?)  to  study  turbulence  In  mountainous  regions.  A 
apodal  device  which  simulates  the  Dubov  formula  war.  first  used  In 
the  study  of  turbulence  in  frontal  scries  (Shur,  10b6).  A  functional 
diagram  of  this  instrument  Is  shown  on  Fig.  " . 4 .  Overload  of  the 
aircraft  center  of  gravity  is  measured  and  converted  into  an  electrical 
•signal  by  an  electrical  accelerometer  (Inside  the  broken  line  on  the  .. 
diagram) .  Then  a  voltage  proportional  to  the  overload  passes  to  the 
Indicator  and  to  a  unit  for  multiplication  by  the  coefficient  h.  The 
coefficient  b  Is  sot  manually  In  accordance  with  readings  of  the 
Instruments  which  measure  the  altitude  arid  speed  of  the  aircraft  and 
also  the  flight  weight  (fuel  consumption) .  Since  according  to  formula 
(2.23)  the  calculation  of  w  also  requires  consideration  of  the 
oscillation  of  the  pitch  angle,  the  set  of  airborne  (so-called 
overload ).  equipment  include:;  a  gyroscopic  pitch  and  roil  deflection 
sensor  (vertical  gyroscope)  (see  5  1,  pt.  g). 


Fig.  2.U.  Functional  diagram  of  the  method 
of  obtaining  w  according  to  the  Dubov 

formu  lu  (2.25). 

KEY:  (1)  Measurement  of  An;  (2)  Integra¬ 

tion;  (3)  Addition;  (•*;)  MulfclpJ  lout  Ion  by 

0  * 

b.  Method  Using  Measurement  of  the 
Absolute  and  Holativc  Speed  of  the 
Aircraft  (Doppler  Method) 

An  aircraft  in  flight  moves  within  a  current  of  air  which,  itself 
Is  raovin.G  relative  to  the  ground.  When  studying  atmospheric  turbulence. 


lri  order  to  determine  wind  speed  and  the  I’  1  urinal  I ons  of  t  he  hori¬ 
zontal  component  of  turbulent  pulsations  Jt  In  necessary  Ln  know 
the  Instantaneous  value  of  the  speed  and  -l  1  rqel  luri  of  motion  of  the 
aircraft  with  respect  to  the  ground  and  t.lm  speed  of  mot. Ion  of  the 
aircraft  with  respect  to  the  surrounding  air. 

Measurement  of  Lin.'  a  1  ;■ : r.s ft.  spe'd  vector  !r;  a  system  of 
coordinates  bled  to  trie  earth  In  accomplished  using  Instrument;;  which 
utilize  the  Doppler  effect.  The  Doppler-  effect  is  the  name  given 
to  the  phenomenon  of  a  change  in  frequency  of  oscillations  emitted  by 
a  specific  ;;ource  and  picked  up  by  a  receiver  during  mutual  relative 
displacement  of  the  source  and  the  receiver.  The  Doppler  effect,  will 
also  be  observed  when  the  source  and  receiver  are  -located  In  the 
same  place,  but  the  receiver  picks  up  a  reflected  rather  than  a 
direct  signal.  Here  the  Doppler  effect  will  be  observed  during 
mutual  relative  displacement  of  the  transceiver  and  tin;  reflecting 
object .  Aircraft  Doppler  stations  emit  oscillations  In  a  highly 
directional  beam  toward  1  he  g round;  they  determine  the  speed  of 
motion  of  the  aircraft  relative  to  the  ground  in  terms  of  the  change  • 
in  frequency  of  the  reflected  signal. 

In  a  system  of  coordinates  tied  to  the  ground  this  speed  Is  the 
absolute  speed  of  the  aircraft.  If  the  direction  *-o  the  reflecting 
object  (the  ground)  coincides  with  the  nlrect.  ion  of  flight  of  the 
aircraft,  the  frequency  of  the  oscillations  pi  eke  ;  up  by  the  receiver, 
f  ,  would  be'  determined  by  the  relationship 


where  >.  is  the  brans  ml  h 1 


/.-/#(! +  ~i)«/u  +  FJ. 


U’.3u) 


where  i-Q  is  the  frequency  of  emitted  oscillations;  v.(  is  the  flight 
speed  of  the  aircraft  (absolute);  c  Is  the  speed  of  light;  P  is  tin 
Doppler  frequency, 


2r.  f  _  2i  , 

"  "i~  Jo—  ~  > 


.31) 


er  wavelength. 


i 


in  actuality  the  direction  ol‘  tin;  he  am  comprise..;  a  certain  a  nr;  it* 
'i  with  thr  direction  ol*  flight  ol“  tin;  at  reran,  ami,  conuequenl.l  y  , 


Fx-- 


2rco*t- 


(2.3::) 


:  .  3: 


d  O 1 


>1  iif.ii:;  !der  the  .'•’let  that 


al:*  n:f 


1  u;n 


wh  5  eh  the  a  I  reran;  In  nuv  1  nr.  In  J  Lee  L!'  ino  v  1  r  ij-;  w th  respect  to  the 
earth .  Ln  tin)  genera  1  cu  ;;<■  the  direction  of  flight  cl'  the  ;i'  rci'Ul'l 
due;-,  riot  coincide  with  the  direction  of  the  wind.  Thin  loadn  to  a 
situ  it  Ion  In  which  the  direction  of  the  abnolute  motion  of  the 
aircraft  does  not  coincide  with.  St.;;  longitudinal  ax!.;  but  dlfforu  -  by 
a  certain  'angle  R,  culled  the  drift  aa;r,lo.  In  01*00 r  to  determine  B 
It  in  necessary  that.  It  be  puuulble  to  chunge  the  direction  of  the 
beam  or,  more  exactly,  flu*  direction  of  1  tn  projection  In  the  hori¬ 
zontal  plane.  When  the  hcrl  zontul  projection,  of  the.  beam  coincide;; 
with  the  direction  of  abnolute  me-fl'ui  nf  the  aircraft,  the;  Doppler 
frequency  !*’  will  he  maximum,  !ix  pro  onion  (2.32)  ir;  more  correctly 
presented  In  the  form 


■(2. -33) 


The  ancle  between  the  horizontal  projection,  of  the  beam  anu  the 
longitudinal  ax  in  of  the  aircraft  will  equal  th<*  drift  angle  B.  If 
the  direction  of  the  longl  tudi  aril  axle  of  the  aircraft  In  some  system 
of  coordinate;!  -  for  examp  ;  e  ,  r.eographl  o  -  >  s  vinowii ,  complete 
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switch.  Aii  a  ivnult  oi'  the  1  rite  fact  Ion  ul'  those  nscl  1  'I  at  loti:;  a 
difference  voltage  I;'  formed  on  tins  mixer  output,  1  ,c,  ,  tin.'  Doppler 
freiuency  K  ,  which  1  :>  thou  amp :  i  f  led  by  ;m  amp  I  I)- 1  i;r . 
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Kip,.  .  a  .  i'uiu:  1. 1  <  ma.l  <1  i  ugrum  of  a  Doppler 
ground  r,  peed  and  drift  angle  me  .tor  ( DIGS ) . 

Ki',Y :  (1)  beam  rotation  ays tem;  (?)  beam  rota¬ 

tion  angle  motor;  (?)  Transmitter;  ( )  Tracking 
system;  (t)  Ard'-nna  .-.witch;  (6)  Mixer;  (7) 

Amp  Uriel*;  ( ;< )  D  ;r,e  t  e  r  . 

;i  .  Hast  u 


.  The  amplified  Depp  l.er  frequency  signal  pusses .  1,o  a  special 

trucking  system,  will  eh  act,:;  on  the  antenna  rotation  system  In  such  a 

way  that  the  beam  Is  turned  In  the  horizontal  plane  along  the  direction 

of  the  ground -speed  vector.  in  this  ease  the*  Doppler  frequency  !' 

will  bo  maximum;  the  f :*•.•<;•, lency  meter-  convert:-  i:  into  a  signal 

a.y.aHC 

proportional  to  ground  d  v,  ,  while  the  beam  rotation  angle  meter 

u 

emits  a  1  i;.n?..L  which  In  proportional  to  the-  angle  between  the  hori¬ 
zontal  project  ion  of  the  bo  am  and  the  longltudlral  axis,  of  tilt* 
aircraft  -  drift  angle-  it. 

The  principle  desorb  bed  shove  for  measuring  v  and  R  'ey  means  of 
a  single  rotating  bean  has-  net  l'<  nnd  practical  application  duo  to  the 
low  accuracy  in  mc-asur  i  ng  ground  spoor  I  and  r.iri  ft  angle.  At  present 
muJ  t. lb  cam.  Depp  lor  speed  and  drift  moi.c-rs.  (Dl.’iS)  are  .up  pi  led  .  The 
operating  principle  of  mutt,  it  ran.  Id  f.S  is  based  on  the  fact  that  the 
components  of  the  ground  speed  vector  in  a  linear  system  of  coordinate.'; 
connected  wild;  the  aircraft  .in-  determined  and  ari.  -used  for  automatic 


computation  of.  tin;  modulus  of  the  ground  s peed  vector  v  and  drift, 
angle  6.  A  detailed  description  of  the  operating  principle  and  the 
.itruchii'i'  cf  a  Doppler  speed  am*,  drift  meter  was  given  in  the  work  by 
G.  K.  Dud  Wo  and  G.  B.  Reznikov  (196^)  - 


In  aviation  Doppler  speed  and  drift  meters  (DTfJo),  a::  a  rule, 
are  used  in  combination  with  navigation  computers  and  course  system::; 
in  this  ease  they  make  up  Doppler  navigation  systems  (DN3).  The 
basic  ml  salon  accomplished  by  the  navigation  computer  of  the  DNS  is 
computation  of  the  path  traveled  by  the  aircraft . 

At  present,  a  large  number  of  types,  of  PISS  and  U!JS  have  been 
developed;  these  differ  from  one  another  Ln  the  number  of  beams, 
their  type,  radiation  regime.-.,  methods  of  measuring  Doppler  frequencies, 
etc.  Table-  2.1  gives  some  basic  characterlsti/'s  cf  a  number  of 
non-Soviet  Doppler  meter::  and  Doppler  navigation  systems.  The  table 
was  compiled  from  materials  given  ln  the  works  of  N .  V.  Sytina  (1957) , 

I-'.  B .  Berger  (111)9),  and  by  J  .  H  'lahan  1 1957)  • 

Of  particular  interest  are  the  data  r! van  in  this  table  on  the 
accuracy,  of  determining  ground  speed  of  the  aircraft  (or,  for  certain 
systems,  the  components  of  the  ground-speed  vector)  and  in  determining 
nrift  angle.  For  contemporary,  fairly  perfected  DI3S  the  probable 
relative  error  in  determining  ground  speed  during  flight  over’  dry 
land  may  oe  £±0.002  of  the  maximum  value.  F.rrors  in  determining 
aircraft  drift  angle  lie  within  the  limit.:  +0.15°. 


In  order  to  investigate  the  tat ir-t. leal  characteristics  of  the 
horizontal  component  of  wind  speed  it  Is  necessary  that  it  he  possible 
to  measure  the  instantaneous  value  of  the  wind  vector.  For  this, 
besides  ground  speed  and  drift  angle  of  the  aircraft,  it  is  obviously 
necessary  to  measure  the  a 1 r speed  of  the  aircraft  v  and  the  direction 
of  the  longitudinal  axis  of  the  aircraft  in  the  geographic  system  of 


coordinates.  Manometric  speed  pickups  arc  used  to  measure  the  air¬ 
speed  of  the  aircraft ;  t.-r-se  utilise*  the  relationship  between  the 
speed  of  aircraft  motion  with  respect  to  the  air  and  the  resultant 
dynamic  impact  pressure: 
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where  Ap  is  the  impact  pniimurc,  l.e.,  I.lu:  'll .riVrcncj  between  the 
dynamic  and  static  pressures ;  p  .It  the  den:;  lty  of  the  atmosphere  at 
the  altitude  of  aircraft  flight;  v  La  the  re  lative  (nix')  flight  speed 
o  P  the  a  1  reran  . 

Present-day  airspeed  ini' t err,  calculate  the  re iat  1  on.'h  1  p 

v  J  W  -  =  \TIEeIK.  .  (  2  •  3 h ) 

V  t  V  Pi  1 

For1  thin  purpose  information  on  the  static  pressure  p  T  and  external 
air  temperature  T  it  supplied  tu  the  airspeed  meter  a  1 1  trip;  with 
information  on  the  impact  |in':;;;iiir  Ap.  I“1 1  < >  quantity  v  output  by  the 

airspeed  meter  (sensor)  (D'/l)  In  equal  < n  absolute  value  to  the  speed 
of  aircraft  motion  with  respect  to  the  air  and  1:;  directed  along  the 
longitudinal  axis  of  the  aircraft. 

Figure  ?.()  depicts  the  vector  triangle  of  velocity.  The  elements 
of  this  It  tangle  (which  In  mmol,  linos  on  I  .led  the  nnv  I  gat  I  on  triangle) 
are  an  follows:  v  -  airspeed  of  the  aircraft;  •;>  -  heading;  u  - 
windnpeed;  A  -  wind  direction;  A  ^  -  |"adiiir;;  v.^  -  a  rcral’t 
gi’ourul  speed;  arid  P  -  drift  angle. 


Fig.  ?.h.  Vector  triangle  of 
veloci ty . 


The  basic  relationships  between  o  lenient el'  the  nav l nation 
triangle  aiv  expressed  ao  follows: 


wht  tv 


|!  -  v)  v,  »ln- 3 


'<■,  -  an.t| 


»  -I-  !  r- 


.  ..  ...  r  ;  [h  • 

'  ,U  "  *li>  (•[,  •  i)  -  rsin-J.  ' 

u  |t’,  Mn (-;>-!•  jl)  ■  v  sin  Jj|  cos  v 
H-  |w,COS(^-f  ?)  —  »fOS  r|  sin  f. 


O’.  36) 
(2.Y! , 
( <! .  J,o ) 

i  ;• .  Y) ) 


U’.i  io) 


(p.'n.) 


A:;  war,  already  indicated  above,  a  Popular  ;; po.’d  and  drift  meter, 
PISS ,  arid  an  airapoeu  aerir.ur  PV.S  ,  in  numb lout  Ion  with  a  gyroscopic 
ooumo  r.yr.  torn  make  Lt  poaalbie  to  n-ndneb  rant  inuoun  determination 
o 1  v  ,  11,  V  anti  <J> .  Know  ledge  of  trier, e  quantifier  maker,  it  possible 
to  solve  tin-  navigation  triangle  w.1  kii  rer.peet  to  the  wind  vector 
paramo  1'C-rr,  :i  and  6  .  I'n  the  ronrr.e  >f  designing  equipment  for 
•automat  1  c  solution  of  t.hir  problem  lt  war,  found  to  b-*  more  convenient 
to  convert  expression:;  (.?.  3(>)-(2 .  Ill)  to  a  fori:i  convenient  for 
calculation  by  ii-nunr.  of  automatic  dev. I  c.c : 


u 


-i-frciK 


f.  Sill  *1 

cos>  —  1'  ’ 


«,  sin  f  —  usc os  f  =0, 
«,ros  ;  j-  ut  sin  ■:  u, 


where 


«,  •  v,  cos  (i  ■  |  A) 

u.  v,  sin  (y  |-  :)  - 


hi 


-  v  cos  y, 

-  v  sin  0. 


( :■ .  a  ; ) 
("',!( ’)  ) 

(f'.iiU) 

( . Mb) 

< .  m  (■ ) 


Figure  2.7  I  iov.’o  the  functional  diagram  ui'  a  device  tor 
yi>nt  i  nuuun  mear.  urement  of  current  value:;  of  wind  v<m;Li,i’.  K  |  u  :>  V.  I  on.; 

'2. 'll'.),  (d.'F/),  (d.'l'l),  anil  C’.  jU)  Lie  it  tin-  Ini.;!::  ,,p  i.|„- 

operat  1  in;  principle  of  Uie  device.  Lin  I  at  I  on.;  of  lapint  ion:;  (2.. iO)  and 
(.1.37)  !:'•  not  required  In  the  exp  I  anut  I  nnr.  ,  Ini,":  all  of  the  uhuiiLII  !i 
enterlri!'.  into  Lhor.e  equation.;  are  rjlven  by  the  appropri  -a  in:  .  ••  •  ■  1 1 :  •  < 1  • . ;  . 
These  ".iini.  Ion.;  are  1  ndcpe:r i-  nt  and  the  .;o  lot  Ion  each  of  them 
eonni.  I.r  In  .aicno.edvo  !'u  L  I".  I  i  ment.  n!'  the  .  prrat.  I  >  i ; ;  enter!  n;'  Into 
them.  As  la  evident  from  the  I'unct  I  ona  I  d.lar.ram,  l.her.e  ope  rat  1  on;: 
are  fulfilled  by  means  of  rnnctlmiu)  unit;;  which  carry  out  addition 
(  r.ubt  ract  Lon  )  and  r.  I  ne-oor.  I  rie  eonvers  Ion  .  Functional  unit;;  of  .this 
type  are  standard  and  are  uued  In  anaioj;  computer:;  (Kazakov,  ltdi'j). 
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Kir;.  2.7.  Functional  d! 


liic.ur.  uriai.i 


of  the  viind  vert' 


a/.rain  -rd  i 

KKV  :  (1)  Addition;  (2)  LI  1  ne-coa  i  ae  eonvers  Ion  ;  (3)  Measurement  of 

w  and  6  (  li[i>3) ;  ( 4  )  Subtraction ;  (!’■)  Add  it  1  or, ;  ((•■)  Moanurement  of  b 
(course  system)  ;  (7)  Final  null  adjur  I  ii.--nt ;  (H)  Men. ,  i :  rc-men 
( DVS ) . 


o  r 


ha.ua  t  Iona  ( .? .  -  I  -‘i )  and  (2.  Ah)  arc-  nut. uni  iy  dependent  and  should 
he  solved  simultaneously.  T..-  ■!■  r.rrndno  u  and  A,  the  quantity  it 
Should  be  known.  this  quantity  I  r.  lev?  loped  by  unit  II.  T  a  clarify 
the  operation  of  the  circuit,  we  will  nssmir  I  hat  •*>  is  r.iven 
arbitrarily.  lit  this  cm  nr 


«,sln?  —  u,  cos?  rfiO, 


(.’.HR) 


l.e.t  a  quantity  dl  fferont  from  zer  o  appears  mi  tin;  output  cil'  unit  12. 
Id i o  function  of  unit  13  consirtu  In  changing  <j.  until  the  signal  on 
the  Input  of  unit  1?  becomes  equal  to  zero ,  l.e.,  until  equal.  Ion 
(  2  .  Ib'i )  I.;  .solved .  Solution  of  equations  (2JIS)  arid  (2.  id)  La  cl  oaf 
l  mm  the  functional  diagram  'without  add  1 1 1  l  explanation:'..  Thun, 
tno  method  described  above  maKer  it  pour. '.hie  to  •lotvrn'.irv  the  vector 
of  wind  speed  and  it.-,  fluctuations,  using  measurement;;.  of  the  vector:, 
of  absolute  and  relative  up-.-wd:-;  of  the  aircraft .  We  should  also  add 
that  in  practice  several  mere  complex  systems.  are  util  i'Sedf  besides 
the  wind  vector,  these  permit  >  htaininr  it:;  components  in  the  aircraft 
system  of  coordinator..  This  last  process  if,  necessary  during- compari¬ 
son  with  data  on  fluctuations  of  the  horizontal  component  of  aircraft 
airspeed  as  measured  by  methods  which  in  principle  single  out  the 
longitudinal  (in  the  I  rural'  1.  coordinate  system)  component  (see  §  1 )  . 


e.  Method  Util  la  lug  Measurement  of 
Pulsations  in  the  Velocity  cl'  the 
.Oncoming  Flow  (Hot-Wire  Anemomet r l c 
Method) 


The  major  difference  between  this  equipment  and  that  described 
above  lies  In  the  fact  that  here  the  aircraft  is  used  not  as  a  sensor 
but  as  a  platform  for  the  installation  of  equipment .  Of  course,  in 


this  ease  also  it  is  nee 
behavior  f  t  rie  aircraft 


usury  L<;  calculate  carefully  the  natural 
In  a  turbulent  atmosphere;  however,  it  ha.: 


now  been  converted  Idem  an  object  of 


Into  a  certain  dl  ;turl:  ins 


f  a  a  l.or . 


One  of  the  methods  In  which  the  aircraft  plays  the  role  of  a 
lii-as  ar'-me  r.t  platform  Is  the  hot-wire  arn  luometr  le  method  .  The  hoc- 
wire  an e mo mot  or  long  ago  i,  came  t  he  most  widely  used  i  ns  t  rumen  t  in 
e 1  ng  out  studies  In  wind  tun:.  L-.  i,  Kh nt-e ,  lut.i/  and  In  the 
lowest  layer  of  mk:  atmosphere.  'he  v.  jrl'.s.  of  d .  1.  K  re  shiner 


ar,u  ... .  b.  jl.  I<r>vs  x  1 ;/ 

l  >  if  -.,  si  .il. 

■. :  « i 

pr-u'ji  -hi  re 

a:iK Tiomet.  rs  In  study 

ins  turlui -'-nee 

)  ti 

:  lie  i  jW' t 

piiere  ;  tney  ulr  o  pro 

sent  th.e  prime1 

!  •  i 

result.',  0 

\ ' i  r  as.  I : i :g  ;  i s, 
layer  '■!'  the 
talr.ed  with 


at  die:'.- 


instrument  u .  ThLs  procedure  wu:;  first  applied  ar  fin  aircraft  method 
rolut  l  vu  Lv  recently  ( V 1  nn  1  cIk  ri!:o ,  ;  humiey  and  1’aiti,  I'dob). 

Tin;  oporat  L tip,  principle  of  tin;  liot-w  1. re  anemometer  I.;  baaed  on 


the 

fact  1 

diat  the 

heal  removal  from 

i  hen  fo<l  filament  plan 

;ii  In  a 

fl"V 

:  of  1  1 

[quid  or 

i'a::  pot  p"iid  1  eu  !  ar 

1,0  the  flow  d  i  l'ei-.t  1  011  1 

ieper.dr*  on 

be 

n  peed 

of  the  i 

'low  (Kina,  !  t»  1 ’; )  : 

Q-nr.-TjiK  +  VZiKpdC'V).  ■'(;?.  •'!■.>) 


where  Q  i is  the  filament  heat  lour,  par  unit  time;  l  is  the  lolb'.th  of 
the  filament;  d  In  the  fllamenl  diameter;  T  in  trie  I' I  lament  tempoi’a- 
Uure ;  T-  la  tin;  flow  temperature;  K  la  the  roof.  Lcleiit  of  heat 
conduct  LvJ  ty  of  the  flow;  p  I;;  the  clean  J.  ty  of  the  medium;  e  !:•  the 
In; at  capacity  of  the  medium;  v  in  the  upend  of  the  flow.  I ri  nil 
hot-wire  circuit;;  used  In  practice  the  filament  in  hoatc-J  by  an 
electric:  current  and,  therefore  ,  hy  connect  lip1;  1M. .Lament  h.;at  loan  Q 
with  current  I  or  vol  .  ar.e  11  app.l  lw<i  to  the  )’i  iumeril  it  Is  possible 
to  write  Klnf,':;.  law  in  l  he  form 


U-  A  \B\rv.  (;;.50) 


where  l.ha  one 

filch 

i?ni; 

A 

and  U 

are  det'.-riiiii 

i.»  y 

y  hi  * 

f ! lamen 

l  pa  rain¬ 

etern  (lenctii 

,  til  cl! 

nlO  t 

or*, 

;iia  tor* 

1  al 1  and ,  In 

ad* 

1  \  X 

i  on , 

nr".;  fun 

'd  1 1  on  :s 

of  the  temper 

aturc; 

'  0 

an  ; 

tii*.' 

d'urlt.Y  p  of 

tin 

i  i  . 

In  atudi 

i-f 

ix> 

p 

•  i .  •  1 0 

i  i 

a! 

; ,f;  :\a  J 

ft  llvl-W 

i  r'v 

anemometer  in 

us  -‘d 

tl) 

MK'cL 

uill'O 

.•.ma  ;  1  -uea  l.e  | 

.i  i  ■  j . 

•  a  t 

l  or,:; 

of  the 

hori  ;:oiit.al 

component  of 

i  n 

ape 

od  (J 

i-ni'.i  t 

udl  n.ij  wii.!>  i 

■u;*  5 

i  l  o 

f  i  l  ;;h  v. 

dl  red  lor.) 

Duririt.  experiment:',  Ir,  wind  tunne  I  r.  tor  hd-wire  a  nenomoter  in,  a;;  a 
rule,  immobile.  lieiioral  I y  .•••peak!  m;  t:m  aircraft  lio‘..-w1  an-,  senator 
move.’  arbitral-  *  iy  wlt.h  respect  no  the  wind  d i rrru leu  at  a  mi  veil 
altitude  of  fllr.ht,  v/iiere  'l.o  rr'eraip’  '.per'!  if  the  flow  ea-o ante  rod 
by  tne  filament  ts  di  - 1  ■ '  i-i.i  i  red  only  iy  fin;  f '  l  ; ,  ■,!  ■  r  i  r;  i  in-  ■  and  l  I  ri  no 
way  connected  with  the  nvw'if  ti  speed.  Tiien  ■  f>;r'.‘  the  a  '■  rera  ft. 

1  rir;  1  rumen t  cannot.  In  principle,  neuuarr  the  avora.e  wind  spu'd  (tli!;-. 
problem  i ;;  solved  by  tin;  bor.f  rw  iiKinii:;  dene  r  i  li"  I  ale- ; )  ,  bar  can 


only  measure  the  average  airspeed  of  tin-  aircraft  and  i  I.;-  uul  sat  I  on:- 
(it  La  assumed  that  the  filament-  la  located  (.•••••pi-ndi  culur  to  tin; 
longitudinal  ax.io  of  the  aircraft )  . 

Ilowi-V'.M  ,  it  can  In:  shown  that  in  a  feiM.nln  rep,  inn  "  scales,  tin.* 
pu  1:  •i'.  i  nr,  ■  of  the  al  in; raft  a  1  rspeocl  ti;;  a  whole  are  do term l  nod  by 
pul  sat  .one,  f  the  horl  :a-:]tai  component  a*'  t,|,"  wind  speed.  Actually, 
from  analysis*  of  the  equations}  in  ('5.8},  which  describe  the  longi¬ 
tudinal  motion  of  the  aircraft,  it  follows;  that  large-scale  pulsation 
of  the  wind  "pull  along"  trie  aircraft,  changing  its  ground  speed 
(speed  with  respect  to  the  ground) ,  while  airspeed  remains:  constant. 
On  the  other  hand,  sinai  A-soa  lc  pulsations  of  the  wind  cannot  pull  the 
aircraft  along  because  of  if:  Inertia,  and  they  therefore  create 
pulsations  of  the  flight  air-  s  petal.  Thus ,  the  aircraft  is  character¬ 
ized  by  a  certain  function  which  show::  the  reaction  of  the  aircraft 
to  the  action  of  horizontal  pul. .at,'  his  ->V  the.  wind,  depending,  upon 
their  scale.  The  curve  of  such  a  function,  called  the  longitudinal 
transfer  .function  of  the  aircraft,  1  s  shown  on  ’fig.  .5.8,  where  isv 
represents  pulsations  of  air  speed ,  Lu  represents  longitudinal  wind 
pulsations ,  while. L  is  the  spatial  scale  of  the  pulsations .  Tt  is. 
v.  i  ere  fore  obvious  that  the  aircraft  hot-wire  anemometer  can  measure, 
without  distortions,  horizontal  pulsations  of  wind  speed  with  scales 
ranging;  from  aor*'  to  a  certain  (thus,  for  the  aircraft  TU-  lCU 

the  an  anti  tv  !■  =  1-5  km), 

r  p 


ir 

Au 


Fig.  .  8 .  horigl  Ludinal  trans¬ 
fer  funet  in:,  of  an  aircraft. 


In  a  turbulent  atmosphere  pulsations  in  w.1  nds.peed  exist  in  ail 


If  <s  Are 


■  re  nefr.'c  ::  a  rv 


"*s  I  ‘  .1  ]  V- 


hot-wire  anemometer  will  measure  only  horizontal  pu  J  sail  ons,  which  arc 
longitudinal  with  respect  to  the;  flight  direction.  If  tin;  hot-wire 
anemometer  l'l  lament  l  a  arranged  paral  lel  to  the  transverse-  axl:;  z  of 
the  aircraft,  the  .1  nr.  t  rumen  t  will  measure  the  inngnl  t  ude  of  any 
velocity  veetor  v  located  In  the  plane  xoy  -  1  .  e  .  ,  perpendicular  to 
the  1'ilamont.  J  t.  ] obvious.  that  the  component  v  of  vector  v  1:;  the 
I  n:-.  t.antnuoous.  ulrsDocd  of  I. la:  aircraft,  while  v  coitcicjoi'/!:;  to 

y 


vortical  gusts  of  wind  (It 


I'.ere  that  the  aircraft  in  In  a 


a  toady-:;  tato  horizontal  flight  re/;  lino )  .  Therefore  v  equal:;  the 
average  airspeed,  while  v  I.; ,  generally  apeak  I  nil ,  equal  to  zero. 

Now  let  the  aircraft  h-*  subjected  to  flu;  effect  of  a  longitudinal 
(along  the  x-ax'a)  gust  with  ar>  amplitude  of  +v  .  Then  the  Instrument 
will  measure  a  quantity  of  velocity  equal  to  (v._,  +  Av  ) .  If  the 
aircraft  encounters  a  vertical  gnat  with  the  magnitude  A v  =  A v  , 

y  * 

a  speed  equal  to 


[(O’  -I-  (Ad,)’] 


(2.‘,  1 ) 


will  be  measured. 


Obviously,  hi  the  first  case  tie*  magnitude  of 
puls, at  ion  will  equal  Av  ,  while  in  tin.  second  ease 


measured  ve loc 1  t.y 
It  equals, 


I  i! ;  t  v.- •’ 


!  ■ ,  .  i j  p  \ 


and  goes  to  xow  when  e -/Ac, -'■«>.  Thus,  at  a  s.u  f  i'i  c  i  *n  1  ly  groat 

average  airspeed  v  a  hof-w  !:••.*  aneinomoti.  r  ■.•.■111,  for  practical 

purposes  ,  measure  only  the  longitudinal  pulsation:;  Av  and  will 

virtually  not  react  to  vc:*  r  t !  a  a  j  -'usts  Av  .  '••’or  example,  when 

v  =  1 50  m/s  ,  which  eorre.iuandr.  to  the  speeds  of  aircraft  of  the 
x 

TU—  1 0 d  type,  a  vertical  wind  gust  with  an  amplitude  of  b  ir/s;  will  be 
recorded  as  a  pul  cation  with  a  magi;  I  luce  go  in/.  .  Wc  will  rule 
also  that  If  the  above  reasoning  Is.  valid  also  for  f'l  1  ament  located 
parallel  to  the  y-axis,  In  pra'.ice  If  follow:;  to  locate  the  f  I  lament 
actually  along  the  /.-axis.,  slue  In  this,  case  tan  natural  niof  I  can  of 
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the  aircraft  In  the  pitch  piano  xoy  will  not  affect  the  quality  of 
measurement . 

Actual  circuit:;  of  hot-wire  anemometer:;  are  very  diverse.  It  ir. , 
however,  possible  to  divide  them  into  two  basic  types:  direct  currc.-iit 
circuit  and  constant-temperature  circuit.  in  the  first  case  the 
filament  is  heated  by  a  current  whose  magnitude  Is  Independent  of 
speed,  and  the  temperature  of  the  filament  or  the  filament  resistance, 
uniquely  connected  with  it,  is  measured.  In  the  second  case  the 
temperature  itself  (or  the  resistance)  remains  constant,  while  the 
heating  current  required  to  maintain  the  filament  temperature  constant, 
is  measured  as.  a  function  of  speed.  The  constant-temperature  hot-wire 
anemometer  has  a  number  of  advantages  us  compared  with  the  direct 
current  circuit.  The  greatest  of  these  Is  the  extremely  good  frequency 
characteristic ,  which  is  particularly  important  in  studying  flows 
wLth  large  velocities.  31r.ee  a  hot-wire  anemometer  installed  on  a 
modern  aircraft  will  always  operate  in  a  high-speed  flow  (v  ^  100  m/s), 
it  is  better  to  use  the  constant-temperature  setup .  figure  2.9 
shows  a  block  diagram  of  such  an  instrument. 


Fig.  2.9.  Block  diagram  of  a  constant- 
temperature  .hot-wire  anemometer. 

KEY:  (1)  UPT;  (2)  To  recording. 


Ti.  operating  principle  of  the  constant-temperature  hot-wire 

anemone i«. •  '  >  as  follows.  At  a  certain  constant  speed  of  flow,  let 

the  measurl  v.  bridge  M  (consisting  of  resistance  R  of  the  an- momet.rr 

filament,  "reliable  res  Is tor  H  ,  and  fixed  resistors  R,  anu  P-) 

be  In  balance.  This  means  that  the  voltage  'J  which  supplies,  bridge  !•' 

ensures  a  magnitude  of  current  through  the  filament  such  that  It-: 

resistance  equals  R  =  H, R-/R  and  there  will  bo  no  voltage  d 1 f foronco 

i  c  P 
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between  points  a  and  b  of  the  bridge.  With  a  change  In  speed  v 
resistance  R  of  the  filament  is  changed  and  an  "error"  voltage  appear;-, 
on  the  input  of  the  controllable  d-c  amplifier  (Ul’T),  since  bridge  M 
to  dlsbalanced  and  a  voltage  difference  appears  between  points  a  and 
b.  Thin  entails  a  change  in  output  voltage  U  of  amplifier  IJPT  and, 
consequently ,  a  change  in  the  current  passing  through  the  filament. 

The  filament  changes  Itr.  temperature  and,  a:;  a  result,  Its  resistance 
sufficiently  to  restore  balance  to  the  bridge.  Controllable  resistor 
Rp  serves  to  assign  the  required  temperature  (resistance)  of  the 
filament,  which  Is  automatically  maintained  by  the  device  in  the 
course  of  the  entire,  experiment. 

One  of  the  major  features  In  the  utilization  of  a  hot-wire 
anemometer  on  an  aircraft  is  the  fact  that  the  thermal  and  dynamic 
characteristics  of  the  investigated  flow  are  not  constant.  Actually, 
with  a  change  in  flight  altitude  from  zero  to  10-12  km  the  temperature 
and  density  of  the  air  are  essentially  changed,  a  fact  which  must  be¬ 
taken  into  account  during  measurement.  Generally  speaking,  by 
calibrating  a  given  filament  or.  the  ground  at  constant  temperature  Tn , 
constant  air  density  p,  and  different  v,  Lt  is  possible  to  determine 
the  coefficients  A  and  B  in  formula  (2.50);  then,  knowing  the 
dependence  of  these  coefficients  on  TQ  and  p  (Krechmcr,  19510»  it  is 
possible  to  calculate  corrections  to  A  and  B  in  terms  of  the  measured 
T  and  o  at  a  given  flight  altitude.  Such  a  procedure  is  very  tempting, 
luce  first  of  all  the  instrument  becomes  an  absolute  and,  secondly, 
an  Independent  method  of  measuring  the  average  airspeed  of  the  air¬ 
craft;.  However,  at  present  this  procedure  is  virtually  inapplicable. 
First  of  all,  the  functional  dependence  of  A  and  B  on  T^  and  p  is 
qu. te  complex  and  therefore  the  introduction  of  corrections  without 
the  use  of  automatic  computers  is  extremely  laborious.  Secondly, 
the  accuracy  of  contemporary  aircraft  methods  of  measuring  TQ  and  p 
Is  completely  Inadequate  for  accurate  calculation  of  the  correction. 
Thirdly,  the  hot-wire  anemometer  filament  Is  usually  so  short-lived 
that  the  time  spent  on  ground  calibration  frequently  exceeds  its 
"lifetime."  Therefore  when  a  hot-wire  anemometer  is  used  on  an 
aircraft  it  is  necessary  to  take  the  following,  approach.  We  will 
note  first  of  ail  that  the  magnitude  of  average  airspeed  v  in  itself 
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Is  necessary  only  for  determination  of  the  "working  point"  on  the 
anv  ninineter  characteristic  (formula  (2.50))  and  is,  in  thin  neniir  , 
an  auxiliary  quantity.  Study  of  pulsations  require;;  know  ledge  only 
of  Instrument  sensitivity,  which  ir.  determined  'ny  the  expression 


I  '>  ;  •  \ 
\  '.  .  ’  1  ’>  ‘ 


which  cl  vos  the  tangent  of  the  slope  of  the  In. a. rumen'.,  character  1 s t ! -:• 
■at  working  point  v.  Dlf ferentlatlng  (2.25)  with  respect  to  v,  we  find 


dU_ 

'in- 


4 U  Vt‘ 


(  2.b)l) 


in _ a 

At  the  same  time,  It  follows  from  (2. SO)  that  B- ■*  - .  We  will 

Vr 

note  that  A  equals  a  certain  ij*'  when  ;1  •  0.  Klnul  .ly ,  wo  have 


-(-V 


(/*  -ul 

40  v 


(2.55) 


Thus,  determination  of  u  requires  knowledge  of  the  filament 
supply  voltage  U  c.t  a  certain  average  flight  speed,  v ,  f’l  lament  supply 
voltage  UQ  at  zero  airspeed,  and  the  quantity  v.  The  quantity  U  .In 
measured  by  the  not-wlre  anemometer,  while  v  Is  determined  with 
sufficient  accuracy  by  mean;,  of  standard  aircraft  instruments  ir.ee 
'■  i  ,  pt .  b ) .  The  situation  with  regard  to  the  .quantity  ::-n  Ik  more 
complex,  since  it  is  of  course  impossible  to  obtain  a  zero  aircraft 
air. '.peed  .  Therefore,  during  Installation  of  a  hot-wire  anemometer 
on  an  aircraft  it  is  necessary  to  place  the  filament,  ir;  a  special 
strut  (Vinnichenko,  V.'n'i),  which  maker,  it  possible  to  remove  the 
filament  from  the  working  position  on  command  of  the  experimenter 
and  place  it  In  a  protective  housing  manufactured  Irt  suer:  a  way  that 
the  airspeed  in  it  equals  zero.  The  described  procedure  maker.  It 
possible  to  conduct  unique  calibration  .if  the  instrument  directly 
in  the  air  at  a  given  altitude  (and,  consequently ,  it  given  Ty,  and  r ) 
which  is  very  convenient . 


The  airborne  hot-wire  anemometer  ran  be  used  only  i'or  studying 
turbulence  in  clear  air,  :;lnce  the  mechanical  strength  of  the 
l'l laments  used  does  not  permit  conducting  measurements  in  cloud:;. 
Despite  this  serious  limitation,  the  hot-wire  anemometer  allows 
obtaining  valuable  Information  on  the  mi crostructure  of  the  wind 
field,  thanks  to  the  good  frequency  characteristic  and  high  resolution 
in  terms  of  scales.  it  Jr.  a  natural  supplement  I'or  the  Doppler 
equipment,  essentially  expanding  the  spectrum  of  horizontal  pulsations 
of  the  wind  field  which  can  bo  studied.  The  use  of  the  hot-wire 
anemometer  as  an  auxiliary  apparatus  during  measurements  of  pulsations 
of  temperature  on  high-speed  aircraft  is  apparently  very  promising, 
since  only  highly  accurate  measurements  of  velocity  pulsations  make 
it  possible  to  eliminate  the  influence  of  the  dynamic  pressure  on  the 
temperature  sensors. 

The  aircraft  hot-wire  anemometer  developed  by  N.  K.  Vinnichenko 
( 1 9 M )  has  the  following  basic  characteristics.  The  sensor  is  a 
platinum  wire  20  pm  in  diameter  (or  platinum-plated  tungsten  18  pm 
in  diameter);  filament  length  is  2  mm  and  the  working  temperature  is 
250-'l00°C.  The  sensor  operates  at  flight  speeds  up  to  200  m/s  at 
altitudes  of  0  to  12  km  in  a  clear  sky.  The  upper  limit  of  the 
frequency  characteristic  is  no  less  than  1  kHz.  The  scales  of 
pulsations  which  can  bo  measured  range  from  50  cm  to  1-2  km  (for 
aircraft  of  the  TU-IO1!  type).  Sensitivity  (in  the  range  of  Tlight 
speeds  100-200  m/s)  is  50-70  mV/m/s .  Accuracy  in  measuring  velocl'-  ' 
pulsations  (using  standard  aircraft  sensors  for  measuring  average 
airspeed)  Is  about  109&  .  The  instrument  is  equipped  with  an  automatic 
stand  for  deployment  of  the  sensor;  this  stand  can  be  Installed  on 
any  pressurized  subsonic  aircraft. 

u.  Method  Using  Measurement  of 
Pressure  at  Different  Points  of  the 
Body  in  the  Flow  ( Anemocl inometer 
Me  thod) 

Measurement  of  the  speed  of  motion  of  the  aircraft  in  air  (air¬ 
speed)  is  accomplished  with  mar.o, metric  gauges  in  combination  with  the 
Pitot  tube.  As  is  known,  the  Pitot  tube  has  an  opening  directed 
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parallel  to  the  longitudinal  axLs  of  the  aircraft  and  against  the 
oncoming  air  flow.  Another  opening  (or  system  of  openings)  is 
located  along  the  side  of  the  tube  where  the  pressure  Ls  equal  to  the 
static  pressure.  The  difference  in  the  dynamic  and  s.tatic  pressure  Is 
proportional  to  the  square  of  the  velocity  of  the  oncoming  flow  (see 
(2.1*))).  The  Pitot  tube  Is  used  to  measure  the  projection  of  velocity 
In  the  direction  of  1'llght  .  Measurement  of  the  velocity  vector  in 
wind  tunnels  ls  accomplished  with  spherical  fittings  with  a  system  of 
dynamic  openings  on  the  hemisphere  which  is  directed  against  the  main 
flow  -  so-called  auemoclinometcrs . 

n.  A.  Pakhomov  ( 1962)  used  an  anemocl inometor  in  measuring  the 
vector  of  airspeed  on  an  aircraft  in  clouds.  A  similar  apparatus, 
was  used  by  A.  Burns  (196!))  to  study  turbulence  in  clear  air  at 
altitudes  up  to  300  meter's  above  Great  Britain  and  North  Africa.  The 
sensor  of  the  aircraft  anenmel inometor  is  also  a  spherical  fitting 
with  a  system  of  openings  or.  the  hemisphere  directed  against  the 
oncoming  flow. 

The  aircraft  anenioc  11  nometer  has  two  pairs,  of  openings  arranged 
in  the  vertical  and  horizontal  planes;  they  are  arranged  symmetrically 
with  respect  to  a  central  opening  which ,  like  the  dynamic  opening  of 
the  Pitot  tube,  perceives  the  pressure  of  the  total  dynamic  head. 

Figure  2.10  gives  a  schematic  section  of  a  fitting  In  the  plane 
xoy ,  where  x  is  the  longitudinal  axis  of  trie  aircraft  and  y  is  the 
vertical  axis.  The  pressure  p  on  the  Inlet  of  the  opening  wiil  be 
determined  by  the  expression 

P  =  Po  -r-r,-  |l  —  -®  sin- —  l3)j ,  12.56) 

w -a ere  is  static  pressure;  o  is  air  density;  v  is  the  speed  of  the 
oncoming  flew;  is  the  angle  between  the  radius-vector  connect¬ 

ing  the  center  of  the  opening  with  the  center  of  the  sphere  and  the 
vector  of  the  velocity  of  the  oncoming  flow.  The  longitudinal 
component  of  airspeed  Ls  measured  In  the  usual  wav  in  terms  of  the 
difference'  between  the  total  head  .••■Msed  by  the  central  opening  and 
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Pig.  2.10.  Schematic  cro ;;u 
section  of  an  anernoclinometer 
fitting  in  the  plane  xoy  (x  - 
longitudinal  aircraft  axis; 
y  -  vertical  axis ) . 


the  static  pressure.  If  formula  (2.56)  is  used,  with  substitution 
of  ~  0  and  A<Ji  =  0  in  it,  a  known  re lationnh ip  is  obtained: 


±P---P-  p„  pv*. 


(2.3*0 

[  s  i  c  1 


In  order  for  tin:  condition  A<t>  t  0  to  be  fulfilled,  before  the 
beginning  of  measurement  the  entire  fitting  is  oriented  along  the 
direction  of  trie  velocity  of  the  oncoming  flow.  It  can  be  shown 
(see  5  1)  that  at  an  average  velocity  of  the  oncoming  flow  equal  to 
200  m/s  (corresponding  to  the  airspeed  of  the  TY-109)  the  presence 
of  a  gust  which  is  perpendicular  to  this  velocity  and  which  has  a 
magnitude  of  10  m/s  will  deflect  the  instantaneous  vector  of  airspeed 
by  an  angle  of  less  than  3° ■  In  this  case  the  error  in  determining 
the  longitudinal  component  of  airspeed  does  not  exceed  0.515.  As  was 
shown  in  the  work  by  L.  A.  Pakhomov  (1962),  the  difference  in 
pressures  on  the  inlet  of  the  vertical  and  horizontal  pairs  of 
openings  is  proportional,  respectively ,  to  the  corresponding  vertical 
and  transverse  components-  of  the  airspeed  vector.  A  differential 
manometer  with  an  electrical  output,  is  used  to  measure  the  pressure 
difference.  The  aircraft  anemocl inometer  developed  by  Pakhomov  (1962) 
is  equipped  with  a  computer  which  introduces  corrections  for  air 
density,  change  in  pitch  angle,  and  the  effect  of  carrying  the 


aircraft,  along  by  a  gust  ol'  air.  The  true  valuer,  uf  the  components 
of  thf  airspeed  vector  are  obtained  on  the  computer  output.  The 
measurement  results  are  recorded  by  an  optical  automatic  recorder*. 
According  to  the  data  of  A.  burnt  ( 1 9 6 d) ,  the  instrument  accuracy  ul' 
measuring  longitudinal  and  vertical  pulsations  of  windopeed  comprises 
about  It)'*.  Owing  to  the  natural  transverse  oscillations  of  the 
aircraft  it  is  Impossible  to  measure  transverse  pulsation;'  of  wind 
velocity  by  moans  of  the  anemocllncmeter . 

o .  Method  Utilizing  Measurements,  of 
tiie  Angie  of  Attack  (Anemoscope 
Method) 

Sometimes  an  angle  of  attack  anemoscope  is  used  to  measure- 
pulsations  of  the  vertical  component  of  wind  velocity  on  an  aircraft 
(Rlciland,  196*1).  The  essence,  of  this,  method  consists  in  the  fact 
that  vertical  pulsations  of  winds peed  lead  to  pulsations . in  the 
angle  of  attack  of  the  aircraft . 

Instantaneous  values  of  the  angle  of  attack  are  measured  by 
means  of  a  special  anomoscopc,  which  is  usually  Installed  on  an 
extension  rod  at  a  distance  of  1. 9-2.0  m  ahead  of  the  aircraft  nose. 
Thanks  to  its  low  inertia,  the  anomoscopc*  can  react  to  comparatively 
small-scale  gusts  whose  amplitudes  are  so  small  that  their  action 
does  not.  lead  to  humping  of  the  aircraft. 

It  is  obvious  that  fc-r  calculating  the  speed  of  vertical  gusts 
from  the  readings  or  the  anononnope ,  it  Is  necessary  to  pay 
at  tent  Lon  to  the  motion  of  the  aircraft  itself  along  the  vertical, 
first  of  ail,  It  Is  necessary  to  calculate  the  instantaneous  position 
cf  the  aircraft  -  i.e.,  its  pitch  angle  0 .  Secondly,  it  is  necessary 
to  correct  the  readings  of  the  anomoscopc  to  the  vortical  velocity 
of  the  aircraft  v  ,  if  it  is  carried  along  by  the  gust.  Thirdly, 
it  it  necessary  to  consider  the  possible  rotation  of  the  aircraft 
around  tic  transverse  axis,  which  will  lead  to  the  appearance  of 
a  fictitious  gust  velocity. 
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Finally,  In  order  to  calculate  puluat Iona  of  the  vortical 
component  ofwind  speed u  it  Is  possible  to  use  the  formula  (Midland, 

1 96*4  ) 

u,  -■  (»  -  ',)  v  -  c,  -  IV,  (;’.r)7) 

where  v  Is  i.iie  true  average  airspeed ;  l  Is  the  distance  from  file 
aircraft  center  of  gravity  to  the  anomos cope ;  O’  Is  the  rate  of 
change  of  the  pitch  angle  (angular  velocity  of  aircrai't  rotation). 

The  quantity  v,t  Is  determined  by  Integration  of  the  vertical 

J 

overload  of  the  aircraft  (see  5  1).  Ordinary  arid  differential 
gyroscopes  are  used  to  obtain  6  and  O'.  It  is  c Lear  that  the  given 
formula  takes  Into  account  all  corrections  for  any  action;}  of  the 
pilot  with  respect  to  control  of  the  aircraft.  This  is  especially 
significant,  since  the  pilot  ordinarily  viill  interfere  energetically 
In  the  behavior  of  the  aircraft  when  intensive  humping  is  encountered. 

Tt  should  be  noted  that  the  practical  application  of  the 
described  method  can  In-  successful  only  when  the  process  of  calculutln 
u  is  automated,  since  in  the  opposite  case  the  treatment  becomes 
impermissibly  lengthy . 

The  accuracy  of  inoasurJ  ng  vertical  pulsations  of  wind  velocity 
by  means  of  an  angle  of  attack  anemoscope  comprises  1C:",  according 
to  Midi and. 

f.  Method  Utilizing  Measurement  of 
the  Speed  of  Sound  (Acoustic  Method) 

The  acoustic  method  is  also  used  for  aircraft  investigations  of 
the  fine  structure  of  atmospheric  turbulence.  It  is  known  that  the 
speed  of  propagation  of  sound  in  a  flow  of  liquid  or  gas  depends  on 
its  speed.  Tri.ls  physical  law  is  the  basis  of  the  lustrum  'r.ts  which 
are  called  ultrasonic  (or  acoustic)  anemometers .  Acoustic  anemometers 
have  been  used  to  obtain  Important  results  touching  on  the  properties 
of  turbulence  in  the  lowest  layer  of  t  atmosphere  ( bovshe verov 


et  al .  ,  1959).  Comparatively  recently  B.  M.  Koprov  and  L.  R.  Tsvang 
(  1965)  and  F!,  M.  Koprov  (1969)  succeeded  In  applying  1 1 10  acoustic 
anemometer  to  the  study  of  pulsation:-  of  wind  velocity  on  an  aircraft 


The  sensor  of  the  aircraft  acoustic  anemometer  consists  of  an 
omnidlrect local  emitter  of  ultrasonic  oscillations  and  two  pairs  of 
microphones  located  symmetrically  with  respect  to  the  emitter  along 
veritcal  axis  y  and  transverse  axis  7.  of  the  aircraft.  By  measuring 
the  pulsations  in  the  propagation  rate  of  sound  from  the  emitter  to 
the  microphone  it  Is  possible  to  determine  pulsations  and  windspeod 
along  the  respective  axes. 

In  the  coordinate  system  xyr. ,  with  the  emitter  located  in  its 
center,  the  x-axls  corresponds  to  the  longitudinal  axis  of  the  air¬ 
craft,  the  y-axis  to  the  vertical,  and  the  z-axis  to  the  transverse; 
the  vector  of  the  velocity  of  the  flow  encountered  by  the  aircraft 

can  be  broken  down  Into  the  components  v  ,  v  and  v  .  The  quantity 

x  y  z 

v  is  the  Instantaneous  airspeed  of  the  aircraft,  while  v„  and  v 
a  y  z 

correspond  to . the  vertical  and  transverse  pulsations  in  wind  velocity 
respect! vely .  We  will  designate  the  coordinates  of  the  receiving 
microphones  as  (0,  l,  0)  and  (0,  -l,  0)  for  pairs  which  are  arranged 
along  the  vertical  axis  y,  and  as  (0,  0,  l )  and  (0,  0,  -l)  for  pairs 
which  are  located  along  the  horizontal  axis  z.  The  propagation  time 
for  sound  from  the  emitter  to  the  microphone  (0,  l,  C)  equals 


il~- 


,] 


(2.58) 


where  0*  =0* -f- +  vs  +  0*  .  Analogously,  the  time  t,,  required 

0*1  *  K  1  c. 

for  a  sound  wave  to  propagate  to  symmetrical  microphone  (0,  -1,  0) 


equals 


■[( 


c*  —  0* 


(2.59) 
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Tlit'  difference  between  the  times  t.  and  t.,  will,  obviously,  character- 

.L  c. 

ize  the  vertical  pulsations  In  wlndspeed  (along  the  y-uxls),  since 


from  which 


Vy  :  (t 2  ~~  ^i) 


11 


( ? . 60 ) 


(  2  .  (i  J  ) 


The  same  relationship  Is  val Id  for  a  pair  of  microphones  located 
along  the  transverse  z-axis ;  consequently,  these  will  measure  the 
transverse  pulsations  of  wind  speed.  Unfortunately,  an  acoustic 
anemometer  Installed  on  an  aircraft  does  not  permit  measurement  of 
longitudinal  pulsations  of  winds pood,  since  a  microphone  located  In 
front  of  the  emitter  (along  the  x-axls)  will  t!r.hade"  it,  while  the 
turbulent  noise  arising  In  the  wake  behind  the  microphone  and  emitter 
will  disrupt  operation  of  the  second  microphone. 


Trie  acoustic  anemometer  is  used  successfully  on  aircraft  of  the 
i.i-2  and  1L-11!  types  to  study  turbulence  at  altitudes  of  iiO  to  IJ000 
meters.  The  instrument  includes  a  device  which  automatically  Inserts 
corrections  for  oscillation  of  the  aircraft  In  the  pitch  plane  xoy 
and  for  pulling  along  of  the  aircraft  by  vortical  gusts. 


The  instrument  has  the  following  characteristics:  the  ultrasonic 
reference  frequency  equals  10C  kHz;  the  upper  limit  of  the  frequency 
characteristic  is  0.5  kHz;  the  scales  of  measurable  pulsations  range 
from  10  cm  to  1  km  (for  the  IL-lA  type  aircraft).  Accuracy  In 
measuring  vertical  pulsations  of  windspeed  Is  about  10*.  Owing  to 
the  strong  distorting  influence  of  aircraft  yawing,  transverse 
pulsations  of  the  wind  cannot  be  correctly  measured  by  the  acoustic 
method . 


At  present  there  is  not  yet  any  experience  In  using  acoustic 
anemometers  on  high-speed  hlgu-alt i tude  aircraft,  and  the  technical 
and  procedural  difficulties  which  might  arise  In  this  case  are  as  yet 
uric  lear . 
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Gv i'oj oup  1  e  Instruments  for 
Bote  *•!■! l  nl  ii;'  Mi"  Position  of  the 
Aircraft  in  r.paee 

Wl  thou l  ion  ,  metuods  of  1  uvo;; t Ir.at nj'  atmospheric  tur'nu  ii  nr 

■  v  ■  i :  i  nii  :i  I  rev, a  ft  require  detail  t-c!  <:;>  I  cu  I  at  1 1  ns.  ni'  I. he  actual 
;  i  ion  ■  I'  v.he  a  I  re:  r-u  ('!.  In  space  'mi  Its  I  ini.  Ion  a  four;.  I  thin 

middle  position.  In  certain  cases,  when  the  aircraft  l used  nr.  a 
sensor,  there  data  make  up  a  useful  "signal , "  carry  Ini".  i  n format  Ion 
on  the'  state  ol'  the  atmosphere  ( the  overload  method)  ;  in 'other  oarer.  , 
when  tin.  a  Ire  raft  plays  the  vole  uf  an  I  ri..  trimnnt  p.lalf'.rrn,  Its  mil  nr., 
vibrations  become  .a  disturbiiK  factor,  distorting.  the  measurements 
(hot-wire  aaeinometer ,  anmnuci  Inomeber ,  angle  of  attack  anemoscope)  . 

By  the  term  position  of  the  aircraft  In  space  we  understand  in 
this  cast:  the  angular  dl tribal U  n  ef  a  system  of  coordinates  which 
l  •:  rigidly  attached  to  the  ai  rerun  with  (•.•.;poct  to  a  system  ol’ 
eoerdi.ii.ite::  tl-vl  I  o  the  ground  -  I  .  e .  ,  the  relative  motion  of  the 
centers  of  the  systems  of  coordinates,  Is  eliminated  from  the 
eons  Ido ration .  The  annular  location  of  the  aircraft  system  of 
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i'll';,  2  .  1 1  .  i'  i  agrum  u>l  vertical  gyroscope 


the  property  of  a  fret'  gy n 'scope  to  retain  an  uncharigi nir,  position 
u  (’  the  axlu  or  spin  (arranged  vor Ltcal 1 y  along  the  y-axls ) 
relative  to  outer  space.  The  term  gyroscope  Is  applied  to  rotor  1, 
which  rotate;;  rapidly  around  it:;  ax  1 ol'  symmetry  find  which  1:; 
suspended  in  two  cardan  frames :  I  r.tornal  (pitch  frame)  and  externa] 
3  (bank  frame).  Axle  *1  tie:;  frame  3  to  the  gyroscope  housing  5, 
which  i :;  rigidly  attached  to  the  aircraft.  buch  a  gyroscope  has  three 
degree!;  of  freedom,  since  the  rotor  can  rotate  around  three  mutually 
perpendicular  axes  x,  y,  and  Cardan  suspension  2,  3  permit:;  the 

rotor  ay. la  to  retain  a  vertical  position  in  apace  at  any  angler,  of 
pitch  0  and  hard;  for  transmission  of  data  on  the  angle1;;  0  and 

potentiometer:;  (or  stator  winding:;  of  relay  nr. )  are  attached  to 
gyroscope  hour. i tig  'j .  whiio  potentiometer  arms  (or’  rotor  windings  of 
rei . .ynn )  are  attached  to  r.ari'an  suspori:;  ion  frame:;  P  and  3.  If  the 
aircraft  change:;  angle.:  of  pitch  ami  bank ,  the  relative  position 
of  the  gyroscope  hour,  i  rig.  :ui  cardan  frames  change  correspondingly  ; 
in  It:;  turn,  thin  loads  *.o  a  mango  1  r  the  output  voltages  on  the 
potentiometers  (or1  an i  ayrir. )  of  pitch  and  bank. 


Contemporary  airoorno  vertical  gyroscope:;  provide  accuracy  in 
measuring  angles  of  hank  and  pitch  equal  to  +0.5° ;  their  sensitivity 
is  no  lor.r.  than  0 .  1°  ana  make:;  It  possible  to  trace  angular  displace¬ 
ment:;  of  the  aircraft  c-murr!  ng  at  rate;;  up  to  3  Co°  per  second. 


While  iV  r  tr;c  overwrite li:ii  up  majority  of  aircraft  instruments 
iescrlbod  in  5  ;  of  this  ■  '.apter  the  reading..;  of  pitch  and  bank 
-,.V  roseriror.;  are  nv-r-t  essentia ,  for  Popp  1  or  computer:;  of  winds  peed 
y.'ict  mcar.ui  -  nu  nt."  of  courre  g>  are  alr.o  necessary  for  calculation  of 


the  true  wind  direction,  dv  ror.enplc  1  nr.  t  rument  s  In  which  the  gyrosoopi. 
axle  of  rotation  la  arranged  horizontally  In  I  lit.'  inerltHon.il  plane 
are  on  i  led  course  instruments. 


In  11  1,  pt.  h  formulas  arc-  given  fur  ru  leu  la  1 1  tv;  the  vector  of 
tin;  wind;  those  formulas  l nr  Hide  course  angle  C>  a:;  :n>  a-.rured  by  a 
oe-u  ran  -  gy  re.-. rope  . 

in  Urine*  ruses  when  angular  di  sol  segments  or  the  aircraft  are 
a  "0  luturblrig"  facet,  r,  It  .1:;  noniet  Imes  advisable  to  arrange  the 
measuring  Instruments".  on  a  apodal  platform  whose-  pod  f  Lon  is 
r.tah  11 1  zed  in  sp'ace  by  me  ana  of  gyro:. cop  1  c  re-s  Lc-itir-  and  thus  does 
not  depend  on  the.  evolutions  of  the  a!  roi-aft .  Tin.-  widest  use  le 
made  of  platforms  which  are  stabilized  only  with  respect  to  angler,  of 
pitch  and  bank  -  i.e.,  platforms  which  remain  parallel  to  the  plane 
of  tlr.-  true  horir.ort.  riueh  nisi;  forms  are*  u;  --d  in  certain  Doppler 
navigation  tenia  for-  stabilization  of  system  position  (see  §  1, 
pt .  h  )  . 


h.  Combined  Table  of  Aircraft; 
Method;:  of  .studying  Turbulence 


Th"  methods  examined  In  this  section  arv.-  Intended  for-  mo  d  sure  merit 
T  motions  in  a  turbulent  flow .  In  a  turbal.ir.od  flow  riot  only  the 
velocity  field,  but  also  the  fields  of  temperature,  density,  etc., 
are  no  nun  1  form.  With  the  presence  of  a  conr.e.-vat  Ive  Impurity  In 
the  aimer  chore  its  distribution  will  also  be  determined  by  tin  struc¬ 
ture  of  the  field  of  turbulence.  A  variety  of  methods  exist  for 
measuring  such  atmospheric  parameters  an  pulsations  of  temperature, 
pulsations  of  the  dielectric  constant,  etc.,  by  means  of  which  it  is 
possible  to  study  the  structure  of  an  atmospheric  flow.  Airborne 
mr -tors  of  temperature  pulsations  and  also  aircraft  re  tract  mine  Lira 
have  been  developed  and  a op. I  led  to  inves !,  i  gat ions  of  turbulence . 


i r,  this  book, 
of  methods  which  . 
Tab  j-.:  0  .  r  presents 


however,  wo  have  ilin't-u  ourselves  to  cons  Ido  rat  Ion 
r.'iy  measure  directly  tin-  speed  of  turbulent  motions, 
comparative  characterisi  i  os  of  >ne  a  ire:  raft  methods 


] 

] 

| 


;  ■  / 
f.  i 

i  :  I 


examined  al'o»'e.  Neither  the  table  nor  this  out. Ire  D  1  pretend  t» 
an  exhaustively  complete  survey  uf  aircraft  motl  lods  ,  The  method:; 
presented  in  Table  2.2  represent  the  major  procedures  and  were  need 
i.n  obtain  the  majority  of  the  result:;  presented  In  the  following 
chapter:;  of  tula  hook. 

S  i .  RADIOSONDE  METHOO  OF  STUDYING 
ATMOSPHERIC  TURBULCNCE 

During  ascent  In  unperturbed  air  a  radiosonde  ha:.;  a  constant 
vertical  velocity  or  one  which  chant'd:;  very  little  and  moiiulviU  ou  I  tv. 
II'  the  balloon  arrive:;  In  a  turbullsed  layer  chaotic  fluctuation:; 
of  the  velocity  field  will  he  peroe.i  ved  by  Uie  balloon  and  will 
disrupt  the  inonotonlc  nature  of  Its  motion.  Ac  S.  M.  .dhmeter  showed 
(1917)  ,  the  motion  of.  a  balloon  probe  In  an  accelerated  airflow  1  r. 
detormi nod  by  the  expression 

dv  dx  i  d  ,  . 

"*>  ~r  --  ,nd-jr+m-t-jr<w-  D)- 

t «,( a- •-»)’  +  (ni,-«,)^-.V<  (2.(^2) 

where  in.  Is  the  mas.;  of  the  balloon;  m,  ]  r.  tin#  mas:;  of  the  air  in 
the  bal loon  volume ;  v  Is  the  spend  of  the  balloon;  w  Is  the  vertical 
speed  of  the  flow:  m  is  the  assoc  luted  muss;  r  is  the  balloon 
raulus;  c^.  Is  the  aerodynamic  drag  factor;  N  I  r  the  vertical  oomponen 
of  the  reaction  of  the  suspension ,  if  the  balloon  is  loaded . 

I'.nulyyinr,  equation  (.?,<>;.’)  for  certain  particular  cases  of  a 
chant,!-  In  flow  velocity,  Shutter  showed  that  a  rising  balloon  will 
trace  changes  • n  the  vertical  component  of  the  speed  of  flow  qulte 
wel  l  .'  f  the  s. sale  of  these  changes  Jo  greater  than  the  character!  r.  1. 1  c 
dl  men::  Ion  of  the  balloon.  Ivr  the  part  Leu  lar  case  r,f  an  ins  tan  bane-:  u 
Jump  in  vertical  velocity  It  was  found  that  a  balloon  carrying  a 
weight  of  !  :<g  on  a  suspension  wj]j  pick  up  almost  completely  the 
changing  velocity  of  the  flow  a:;  quickly  as  lot  seconds . 


Thai;  ,  by  measuring  the  change  In  l.h«-‘  rate  ul'  accent  o  I'  l  he 
balloon  It  Is  possible  to  obtain  I  n format  I  .mi  on  tin;  change  In 
velocity  (acceleration)  of  1.1m1  airflow.  At  i  acce  I  cru.'iief.  r  suspended 
to  a  ba]  loon  probe  wan  until  for  tin;  !'  I  r;;  t  time  to  measu  re  tur-hul  uma; 
h,v  0.  Junge  (l-ijib).  In  s  ulisoipionh  yuair,  I  ndrpeiident  prone  and 
parachute  uVuidoad  1ns  t  ruiuents  Wore  c  re-a  ted  in  tie  :i  r;h;l.  'Julen  and 
In  the  htilt.nl  .State:;  of  America.  7.  .  Velyayev  and  G.  I! .  blnr 

(.1  ill'll,  .1. : t ■  > i  )  U.' vo  1  open]  a  method  arid  created  er,u  l  irment  Tor  cent  I  nuou.i 
measuri'meal  of  ovi?  r  Load.;  In  flight  of  I  ot  -|  ■  rodirmi  a<-  n  log ;i  ca  I  radio¬ 
sondes,  simultaneously  with  measurements  of  tin:  basic  metc-oro  I  og  i  ea  1 
paramo  torn  .  The  opera  1 1  nr,  principle  of  tin;  sound  i  rip,  overload  device 
la  a:;  follows.  The  balloon  probe,  upon  entering  an  accelerated  a  l*” 
current,  in  easily  carried  a  long  by  Uhls  flow ,  since  its  mass  Is 
small  ar.d  Its  dl  men;;  tons,  comparatively  I  argo .  At  tin:  same  time  the 
radiosonde  Itself  possesses  comparatively  grout  mass.  The  radiosonde* 
with  mass  M  Is  suspended  to  the  balloon  on  a  .spring,  as  depleted  on 
Fig.  <2. id.  The  magri  l  tude  of  Initial  displacement  ,  <;c  r  re.-,  ponding 
to  rest  or  uniform  motion  •>('  the  but  loon,  can  he  do  ter  ml  nod  from 
the  relational!  I  p 

\’xa~Mg,  (?.b.i) 

where  K  1:>  spring  rigidity  and  M  Is.  the  mass  of  the  rad lobende.  With 
a  chance  J.n  the  speed  of  the  balloon  dw/dt  =  a,  we  obtain 

•'Up'  T  «Y-  K  (v0  -4-  A.vt  (,?.6'0 

Hub  tract!  rip.  (.1.63)  from  {I'.f-f),  we  have 


K  A.v  Ma  -  U  .  (2.6-i) 

Ul 


Consequent  i.y  ,  ! 

he  change  1 

s  the  lengtl 

1 1  o  r 

the  spring  Is  connects 

i  l nearly  wi  tii  ace  el. 

rat  T  r, 
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is  known,  by  moans  of 

ceded  signals  of  it: 
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t,  i  iii 
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rad 1 

1  e. rondo  a c comp.  1  1  shoe; 

<1 1  sc  re  to  trar.uir  Iss  Ion  of  met  vi.-ro  I  ogl  ca :  informal  Ion  v.o  the  ground  . 
However,  information  on  accelerations  of  the  bal icon  must  he  trans¬ 
mit  led  virtually  continuous'1;.’.  V.  !' .  Ileiyay-v  and  0 .  M.  ;5ai;r 
introduced  a  variable-  resistor,  Kinematically  conneov  I  ng  the 
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Pig.  2.13.  block  diagram  of  the  method 
of  measuring  overloads  of  a  radiosonde. 

KEY:  (1)  Overload  attachment;  (2)  Radio 

transmitter;  (?)  Radiosonde;  (4)  POM; 

(5)  Radiotheodolite;  (6)  Automatic 
recorder. 


probe  overload  meter  converts  the  change  in  video  signal  duty  cycle 
into  a  change  in  current  force.  An  automatic  recorder  records  the 
current,  whl  ch  is  proportional  to  the  duty  cycle  of  the  video  signal 
and,  consequently,  to  the  acceleration  of  the  balloon  probe. 

The  method  developed  by  Belyayev  and  Shur  permits  measurement 
with  high  accuracy  of  the  g-forces  on  a  balloon  probe  in  flight; 
however,  transition  from  acceleration  of  the  balloon  to  acceleration 
of  the  now  is  connected  with  substantial  difficulties.  First  of 
all,  a  balloon  with  a  radiosonde  suspended  from  it  is  not  a  sphere, 
but  has  a  complex  and  usually  irregular  shape;  therefore  the  analytical 
formulas  proposed  by  Shmeter  cannot  be  used  for  quantitative 
description  of  the  behavior  of  the  balloon  in  an  accelerated  air 
flow.  Besides  this,  as  kinotheodo] ite  observations  have  shown, 
during  ascent  a  balloon  accomplishes  unordered  rotational  oscillations 
caused,  it  is  assumed,  by  nonuniform  stretching  of  the  elastic  shell 
during  ascent.  These  oscillations  can  act  on  the  suspension  and 
can  be  picked  up  by  the  Instrument  as  vertical  accelerations.  Theodo¬ 
lite  observations  also  have  shown  that  the  radiosonde  swings  on  the 
suspension,  describing  complex  curves.  In  this  case  forces  arise 
which  act  on  the  instrument  in  the  same  way  as  acceleration  of  the 
flow. 


All  of  the  above  indicates  that  as  yet  the  sounding  method  cannot 
be  used  for  quantitative  measurements  of  accelerations  and  velocities 
of  turbulent  pulsations  In  windspeed. 
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However,  despite  thia  the  method  made  it  possible  to  obtain  a 
large  quantity  of  interesting  data  on  the  turbulent  stratification 
of  thu  atmosphere  up  to  altitudes  of  25-30  km  -  i.e.,  at  those 
altitudes  at  which  measurements  of  turbulence  are  not  carried  out 
by  aircraft,  radar,  or  other  methods.  Special  comparisons  of  data 
obtained  by  the  radiosonde  method  with  results  of  measurements  by 
specially  equipped  aircraft  (as  described  in  the  work  by  V.  P.  Belyayev 
et  al.,  1965)  showed  good  coincidence  in  the  altitudes  and  thicknesses 
of  detected  turbulent  layers.  Despite  the  present  impossibility  of 
constructing  any  sort  of  strict  theory  of  the  method,  all  of  this 
permits  us  to  consider  It  an  extremely  useful  tool  during  the  study 
of  turbulent  stratification  of  the  atmosphere  up  to  altitudes  of 
25-30  km. 


§  3.  RADAR  METHODS  OF  STUDYING 
ATMOSPHERIC  TURBULENCE 


The  application  of  radar  devices  to  the  measurement  of  movements 
in  the  atmosphere  was  undertaken  comparatively  recently,  and  the 
obtained  results  relate  mainly  to  the  lowest  layer  of  the  atmosphere. 
However,  the  promise  In  radar  methods  is  extremely  great  and  in  the 
future  these  methods  will  make  it  possible  to  obtain  data  on  the 
structure  of  turbulence  in  the  free  atmosphere  as  well. 

The  basic  distinction  between  radar  methods  and  aircraft  methods 
lies  in  the  fact  that  while  an  aircraft  acting  as  a  measuring 
instrument  is  located  directly  in  the  flow,  the  radar  is  located  on 
the  ground  and  particles  which  will  reflect  the  radar  signal  are 
introduced  Into  the  turbulent  flow. 

During  investigation  of  turbulence  in  clouds  and  precipitation, 
drops  and  crystals  are  used  as  passive  radar  signal  reflectors.  The 
further  development  of  radar  technology,  accompanied  by  a  rapid 
growth  In  radar  set  potentials,  will  undoubtedly  permit  using 
particles  of  atmospheric  dust,  zones  characterized  by  sharp  changes 
in  the  coefficient  of  refraction,  etc.,  as  reflecting  and  scattering 
objects . 
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Several  methods  exist  for  measuring  the  motions  of  scattering 
objeota;  all  of  them  are  based  on  analysis  of  the  characteristics  of 
the  signal  reflected  from  a  certain  volume  filled  with  scattering 
objects  whicn  are  easily  carried  along  by  motions  of  tho  ambient 
air. 

The  first  method  is  the  so-called  method  of  pulse-by-pulse 
analysis  proponed  by  A.  Q.  Gorelik,  V.  V.  Kostarev,  and  A.  A. 

Chernikov  (1958). 

The  transmitter  of  a  pulse  incoherent  station  emitB  electromag¬ 
netic  waves  in  a  narrow  beam,  which  penetrates  a  cloud  of  scattering 
objects.  Radio  waves  which  are  reflected  by  the  objects  are  recovered 
by  the  set  antenna;  however,  the  radar  receiver  is  switched  on  only 
for  a  brief  time  segment  -  in  the  interval  between  packets  of  sounding 
pulses.  The  volume  which  is  singled  out  during  observation  is 
limited  by  beam  diameter  and  the  duration  of  receiver  on-time.  In 
the  period  between  successive  sounding  pulses  the  mutual  position  of 
the  scattering  objects  within  the  selected  volume  changes.  In  this 
connection  the  phase  ratio  in  the  received  signal  is  changed  and, 
consequently ,  there  is  a  change  in  its  magnitude  on  the  receiver 
output.  Fluctuations  in  the  amplitude  of  the  output  signal  are 
determined  by  the  relative  rates  of  motion  of  the  scattering  objects 
within  the  selected  volume,  where  the  frequency  of  the  output  signal 
fluctuations  grows  with  an  increase  In  relative  velocity. 

After  isolating  the  envelope  of  the  output  signal  it  is  possible 
to  use  the  number  of  maxima  n  in  observation  period  At  for  approxi¬ 
mate  determination  of  the  rate  of  relative  motion  of  the  scattering 

objects,  u  : 

s 

(2.66) 

where  X  is  the  transmitter  wavelength.  This,  of  course,  requires 
that  the  transmitter  frequency  be  adequately  stable.  If  the  scatter¬ 
ing  objects  are  carried  along  by  the  flow  so  easily  that  their  rate 
of  gravitational  fall  can  be  Ignored,  the  spectrum  of  radar  signal 
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intensity  fluctuations  will  be  determined  by  the  relationship 

Q{F)„^pr^y  (2.67) 

where  A  Is  the  average  power  of  the  signal  reflected  from  the 
totality  of  objects;  F  is  the  frequency  of  signal  Intensity  fluctua¬ 
tions  on  the  radar  receiver  output:  PT{u,)’=PT ( -y-)  is  the  distribution 

of  projections  of  relative  velocities  of  the  scattering  objects  in 

the  direction  of  the  beam. 

The  use  of  Doppler  3tationa  made  it  possible  to  obtain  data  on 
the  absolute  velocities  of  the  scattering  objects.  Using  a  pulse 
Doppler  radar,  it  is  possible  to  measure  both  the  average  wind  speed 
(from  the  average  Doppler  frequency)  and  also  its  fluctuations  (from 
the  nature  of  the  signal  spectrum  on  the  output  of  the  Doppler  radar 
set  phase  detector).  Certainly,  all  of  this  is  valid  only  in  the 
case  when  the  scattering  objects  are  easily  carried  along  by  the  flow. 
Yu.  V.  Mel'nichuk  (196*0  showed  that  the  spectrum  of  Doppler 
frequencies  is  connected  with  the  distribution  of  projections  of 
absolute  velocities  of  scattering  objects  in  the  direction  of  the 
beam  by  the  relationship 

0,(F)  =  APr(u),  (2.68) 

where  P^u)  is  the  distribution  of  radial  components  of  absolute 
velocity  of  scattering  objects  in  the  selected  volume. 

Along  with  their  unquestioned  advantages,  radar  methods  of 
investigating  turbulence  possess  a  whoie  series  of  deficiencies. 

Tnus,  for  example,  due  to  the  low  potentials  of  contemporary  radar 
the  correct  measurement  of  turbulent  motions  requires  scattering 
objects  with  high  reflectivity  and,  consequently,  comparatively  large 
dimensions.  Such  objects  are  poorly  carried  along  by  an  airflow  and 
their  motion  will  be  determined  mainly  by  gravitational  fall.  Another 
substantial  drawback  of  radar  methods  Is  the  fact  that  the  method 
itself  is  based  on  averaging  over  a  scattering  volume.  This  leads  to 
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a  very  complex  connection  between  the  atatiotlcal  characteristics 
of  the  Uoppler  signal  and  the  statistical  characteristics  of  turbu¬ 
lent  pulsations  of  velocity. 

In  the  work  by  A.  0.  Gorelik  and  A.  A.  Chernikov  (1964),  and 
also  It:  that  by  A.  0.  Gorelik  (1965),  an  attempt  was  made  to  measure 
the  structure  of  turbulent  pulsations  of  wind  velooj ty  in  clouds. 

As  regards  investigations  of  turbulence  in  the  free  atmosphere  in 
clear  air,  works  published  in  the  Soviet  Union  and  abroad  at  present 
show  only  the  possibility,  In  principle,  of  such  measurements. 

When  speaking  of  the  study  of  clear-air  turbulence  by  means  of 
radar,  one  should  emphasize  that  the  most  promising  approach  is  the 
application  of  lldara  -  laser  locaters.  Already  several  approaches 
have  been  outlined  for  solution  of  the  problem  of  measuring  turbulent 
motions  in  clear  air  by  this  method.  The  work  by  Collis  (1964) 
presents  data  on  the  detection  of  two  turbulent  layers  in  the  clear 
ail1  by  means  of  a  Ildar.  The  application  of  modulated  laser  emission 
for  studying  atmospheric  turbulence  holds  vast  possibilities.  It  is 
obvious  that  the  procedure  for  measuring  the  structure  of  turbulence 
which  has  been  developed  with  application  to  radar  methods  may  be 
used  also  during  the  study  of  clear-air  turbulence  by  means  of  Ildars 


CHAPTER  3 


STATISTICAL  ANALYSIS  OF  MEASUREMENTS 

In  recent  years  statistical  analysis  has  been  used  ever  more 
frequently  for  processing  observation  materials.  The  statistical 
nature  of  many  phenomena  in  the  atmosphere  maKes  such  analysis 
necessary,  while  the  appearance  of  a  variety  of  computer  equipment 
(analog  and  digital)  creates  a  real  possibility  for  carrying  It  out. 
Therefore  it  is  necessary  to  pause,  however  briefly,  cr.  methods  of 
statistical  analysis  and,  no  less  important,  on  the  accuracy  of  the 
obtained  results.  It  must  be  noted  that  while  the  actual  methods  of 
statistical  analysis  are  comparatively  well  known,  the  question  of 
the  accuracy  cf  the  obtained  statistical  characteristics  is  repre¬ 
sented  in  meteorological  literature  comparatively  weakly.  This, 
in  its  turn,  hampers  (and  frequently  makes  simply  impossible) 
comparison  of  experimental  data  of  different  types  and  in  addition 
can  lead  to  erroneous  conclusions  on  the  nature  of  phenomena. 

The  most  frequent  results  of  statistical  processing  are  disper¬ 
sions,  structural  and  correlation  functions,  and  also  spectral 
densities,  which  are  simple  and  at  the  same  time  t hie  most  important 
characteristics  of  meteorological  fields. 

This  chapter  will  outline  methods  of  calculating  spectra  of 
meteorological  parameters  and  also  will  point  out  errors  arising  during 
these  calculations.  The  preference  which  the  authors  have  assigned 
to  spectra  is  explained  by  the  ease  of  physical  interpretation  of 
spectral  characteristics  and  the  comparative  simplicity  of  spectral 
conversions,  a  very  important  factor  for  practical  applications. 


We  will  also  note  that  the  scope  of  this  book  does  not  permit  us 
to  stop  to  consider  the  derivations  of  the  majority  of  the  formulas 
which  will  be  introduced.  Readers  can  find  them  in  special  monographs 
(see,  for  example,  Blackman  and  Tukoy ,  19t>8), 

S  1.  CALCULATION  OF  SPECTRA  FROM 
CONTINUOUS  RECORDINGS  OF  FINITE 
LENGTH 

a.  Some  Definitions 

Although  the  basic  concepts  of  the  statistical  characteristics 
which  describe  the  field  of  random  velocities  In  a  turbulent  flow 
were  already  formulated  In  Chapter  1,  It  will  be  useful  to  repeat 
here  certain  of  these  while,  generally  speaking,  digressing  from  the 
connection  of  these  characteristics  with  turbulence. 

The  function  u(t)  Is  called  a  random  function  of  time  If  its 
value  at  any  moment  of  time  Is  a  random  quantity  characterized  by  a 
certain  probability  distribution.  Virtually  everywhere  below  we  will 
consider  that  the  random  process  which  generates  u(t)  is  Gaussian  - 
l.e.,  for  any  set  t ^ ,  t?,  ...,  t^  the  combined  distribution  of 
probability  u(t2),  ...,  u(t(])  is  an  n-dimenslonal  Gaussian  (normal) 
distribution.  Each  such  distribution  is  completely  defined  by  the 
average  values  of  u( t  j )  and  by  covariances 

Ru  =  { l«  (<<> -M/J))  •  {(,) 

The  line  over  the  top  indicates  averaging  in  terms  of  the 
statistical  ensemble,  i.e.,  over  an  infinite  set  of  functions  u(t), 
each  of  which  is  a  particular  manifestation  of  a  single  random  process. 

For  convenience  we  shall  assume  that  all  u(h)=s 0.  Besides  this, 
it  will  be  assumed  everywhere  below  that  the  process  is  stationary 
(i.e.,  uniform  with  respect  to  ti.me)  .  Then 
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Thus,  a  stationary  random  process  is  completely  determined  by 
a  unique  function  of  a  single  variable  t  ■  t^  -  t ,  . 

However,  it  is  obvious  that  during  experimental  study  of  random 
«  processes  in  the  atmosphere  it  is  most  frequently  necessary  to  deal 

with  a  unique  function  of  time  and  not  with  a  group  of  functions. 

This  is  precisely  why  It  Is  extremely  Important  that  averaging  over 

•  the  group  (the  so-called  ergodiclty)  Is  equivalent  to  averaging  In 
time  under  the  condition  that  the  process  is  stationary  and  QausBian 
and  has  a  zero  average  value  and  a  continuous  energy  spectrum.  In 
other  woras,  we  can  write 

-‘r/» 

-I-  1  u(t)u ((+'.) at. 

r-m  •  „fit 

A.  Ya,  Khlnchin  (1938)  showed  that  R(t)  can  be  presented  In  the 
form  of  a  Fourier  transform1  from  a  certain  function  5(f): 

/?(-.)-  f  S(/)*IUJ,df.  (3.1) 

—m 

where 

.1  +/■•* 

S(/)«~ llm  \  dl 

|-r/i 

Here  and  throughout  this  chapter  f  *  u>/2ti.  The  function  of  frequency 
3<!f)  is  called  the  energy  spectrum  of  the  stationary  random  process 
being  considered.  The  quantity  S(f)df  is  tne  contribution  to  dis¬ 
persion  of  the  process  from  frequencies  between  f  and  (f  +  df ) . 
Besides  (3.1),  there  exists  the  Inverse  Fourier  transform,  which 

•  makes  it  possible  to  express  the  energy  spectrum  through  the  auto¬ 
correlation  function 

S(/)—  j  R(x)e~iU,'d'..  (3.2) 

— m 

'Under  the  term  "Fourier  transform"  we  understand  a  function 
obtained  as  the  result  of  a  Fourier  transformation. 
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Since  R(t)  and  S(f)  are  even  functions,  formulas  (3.1)  and  (3.2) 
can  be  written  in  tha  form 


R J  S(/)co*2«/«//,  (3.3) 

— fl» 

•S(/)  —  J  flWcos  2«/tA  (3.M 

or,  even  more  simply, 

S(/)cos2*/xdf. 

m 

5(/)-2j  /?(•:)  COl2«/«<t. 

b.  Calculation  Procedure 

In  ar.  actual  experiment  it  la  possible  to  obtain  only  a  limited 
number  of  realizations  of  the  function  u(t),  each  of  which  has  a 
finite  length.  Therefore  it  is  possible  to  obtain  from  available 
data  only  estimates  (i.e.,  approximate  values)  of  the  autocorrelation 
function  and  the  energy  spectrum. 

Actually,  with  a  continuous  recording  of  finite  length  it  is 
impossible  to  estimate  the  values  of  R(t)  for  t  which  are  greater 
than  the  length  of  the  recording.  Besides  this,  as  will  be  shown 
below,  it  is  usually  undesirable  to  use  t  which  are  greater  than 
5-10S  of  the  length  of  the  recording. 

Thus,  instead  of 


(3-5) 

(3.6) 


+rn 

*('.)=. lira  f  U(t)  - U(t  +  i)di, 
r— •  •  -f/i 

where  P.(t)  is  meaningful  for  all  t,  it  is  necessary  to  write 


(3-7) 


if in ii 1  ir ai  — aw  aim m— mim 


where  R0Q(x)  iE  meaningful  only  for  |t| <t» <  T»,  where  T  is  the  length 


of  the  recording  and  t  in  tho  maximum  shift  in  time  which  it  is 


desirable  to  utilize. 


In  view  of  the  fact  that  the  experimental  autocorrelation  function 
R(jq(t)  is  known  only  for  |t|  <_  t  ,  generally  speaking  it  is  not 
possible  to  use  one  of  the  formulas  (3*2)  »  (3<*0,  or  (3*6)  for 
calculation  of  S(f),  since  these  formulas  require  values  of  R(t)  for 


all  r 


Ln  this  case  it  Is  most  natural  to  consider  that  when 


t|  >  t  ,  Rqq(t)  ■  0,  i.e.,  to  assign  a  certain  function  R^(x)  such 


Ut  .  I  *«(')  npn 

i  0  apn 


(3.8) 


[npH  ■  when] 


The  symbol  1  is  inserted  In  order  to  avoid  entangling  the  obtained 
autocorrelation  function  with  either  the  true  R(x)  or  with  the 


experimental  R0q(t)  function. 


The  function  R^Cx)  is  called  a  modified  experimental  autocorre¬ 
lation  function.  Conversion  from  Rqq(t)  to  R^(T)  Is  accomplished 
very  simply;  however,  as  will  be  shown  below,  It  is  reflected  In  a 
fairly  complex  manner  in  the'  form  of  the  energy  spectrum  obtained 


rrom  Ri(x)  by  means  of  the  Fourier  transform. 


Actually,  formula  (3.3)  is  equivalent  to  the  notation 


(3.9) 


where 


n  ,  M  np« 

nPH 


(3.10) 


Since  K  ^  (  x  )  is  known  for  all  t,  it  is  possible  to  fulfill  the 
Fourier  transform  and  to  obtain 


■  % 


j 


$</)-«&</)  *$»(/). 


(3.1]' 


where  Q^(f)  is  the  Fourier  transform  from  D^(t);  Sqq(D  is  the 
Fourier  transform  from  Roq(t),  while  t lie  asterisk  designates  the 
mathematical  operation  of  convolution1. 

Despite  the  fact  that  Soc(f)  in  not  determined  (since  R^q(t)  is 
known  only  1‘or  1 1 1  <_  i  )  ,  we  can  write  (in  view  of  ergodicity) 

(3.12) 

where  R(t)  is  the  true  autocorrelation  function.  From  (3.12)  it 
follows  immediately  that 

$.(/)«“  <?<(/)*$</).  (3.13) 

where  3(f)  is  now  the  true  energy  spectrum. 

By  Interpreting  the  symbolism  of  convolution,  it  Is  possible  to 
rewrite  (3.13)  in  the  form 


)  QM-nswa/. 

— •• 

As  is  evident  from  (3.13) »  the  average  value  of  3,(f.)  is 

-4.  .L 

obtained  by  means  of  smoothing  (averaging  in  terms  of  frequencies) 
the  true  energy  spectrum  close  to  f^  with  weights  which  are  proportional 
to  Q1(f1  -  f ) .  It  is  therefore  natural  to  call  Q^(f)  a  spectral 
window,  and  to  call  the  function  D^(t)  a  time  window. 

It  is  clear  that  the  quality  of  evaluations  of  the  energy 
spectrum  obtained  by  means  of  (3*13)  depends  to  a  great  degree  on  the 
type  of  weighting  function  (or  the  spectral  window)  Q^(f),  and 


'if  the  functions  and  <J>0  are  given,  the  operation  of  convolu- 

x  c.  -tm 

tlon  of  these  functions  is  described  in  the  form  ~  j  <nU  —  W vt(y)rfy. 
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consequently  on  the  selection  of  the  time  window  D ^ ( t) .  Thus,  it  is 
necessary  to  strive  riot  toward  "simplicity"  or  d^(t),  but  toward  a 
position  In  which  the  Fourier  transform  from  a  certain  specially 
selected  D^(r)  will  be  concentrated  close  to  f  »  0  and  would  have 
small  cldc  maxi mu ms  (as  compared  with  the  maximum  on  the  frequency 
f  =  0 )  . 


We  will  examine  several  specific  examples  of  functions  th ( c )  and 
the  Q.-(f)  corresponding  to  them.  Let  the  time  window  he  given  by 
formula  (3.10); 


1.  Iv'O*; 
0,  !i|>v 


(3.1^0 


The  symbol  1  Is  replaced  here  by  1  In  order  to  show  that  the  first 
pair  of  windows  is  being  considered. 


Then 


Qj(/)~  m  ■>  11'  '  (3**5) 

Figure  3.1  shows  the  curves  of  the  functions  (  t )  and  Q^(f). 

From  the  figure  it  is  clear  that  the  seemingly  simple  and  natural 
selection  of  P-,(t)  leads  to  a  comparatively  complex  function  Q,(l’) 
in  which,  moreover,  the  first  side  extremum  is  negative  and  comprises 
almost- 1/5  of  the  height  of  the  main  maximum. 

Different  authors  have  proposed  several  types  of  time  windows 
( T )  which  have  Fourier  transform  Q^(f)  satisfactory  for  practical 
purposes . 

We  will  pause  on  two  generally  accepted  forms  of  assigning  Di(x). 
Tne  time  window  L>2(t)  proposed  by  W.  von  Hanr.  [exact  spelling  not 
determined  -  trans lator]  has  the  following  form: 

«.(/>-•  J (3,16) 


■  i 
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Fig.  3.1.  a  -  time  window,  D^t); 
b  -  spectral  window,  Q^(f). 

The  corresponding  spectral  window  Q2(f)  Is  then  written  as 
fol.  •.  ws  : 


0  ,  |t|>«a. 


(3-17) 


And,  finally,  the  time  window  proposed  by  R.  V.  Hamming, 


0.54  +  0,46 cos ■— , 


(3. IB) 


.  M>*. 


has  a  spectral  window  of  the  type 


ntf\  ins-  rin  r?~  °.°>  <ar/t"«)t 
Q,(/)  -  1.08. „ 


(3.19) 


Curves  of  the  functions  02»  and  ®2*  ^3  are  shown  on  Fi6-  3-2. 
Comparing  the  curves  of  and  with  the  curve  of  (see  Fig.  3.1), 
We  note  first  of  all  that  the  side  maxima  for  and  are  somewhat 
smaller  than  that  for  Q^.  The  magnitude  of  these  maxima  does  not 
exceed  2%  of  the  height  of  the  main  maximum,  while  for  Q1  the  first 
side  maximum  is  almost  10  times  greater  than  that  shown  on  Fig.  3.2, 


a)  hr*Y* i 

*>  « 


b) 

0.03 
•0,03 


Fig.  3-2.  a  -  line  windows  D2(t)  arid 
D^(t);  b  -  spectral  windows  Q2(f)  and 

Vf)* 

The  difference  between  Q2  and  is  less  noticeable  and  not  so 
significant.  We  will  only  point  out  that  the  height  of  the  side 
maxima  for  Q2  diminishes  more  rapidly  than  that  for  Q^.  Below  during 
calculations  of  energy  spectra  we  will  use  precisely  these  pairs 
(D2»  Q2)  and  (D^,  Q^) .  We  must  turn  our  attention  to  the  following 
circumstance.  As  a  result  of  multiplication  of  the  experimental 

autocorrelation  function  Ft  (t)  by  the  appropriate  even  function 

c  o 

(let  us  say,  by  D2  or  D^)  the  modified  experimental  autocorrelation 
function  R^t)  was  obtalnedj  this  function,  certainly,  is  far  from 
the  true  autocorrelation  function.  However,  the  Fourier  transform 
from  this  modified  function  will  yield  a  very  satisfactory  evaluation 
of  tne  smoothed  values  of  the  true  energy  spectrum. 

c.  Stability  of  Energy  Spectrum 
Evaluations 

The  method  of  calculating  energy  spectra  and  of  deriving  the 
formulas  which  make  it  possible  to  obtain  average  (smoothed)  values 
of  energy  spectrum  evaluations  from  experimental  data  were  outlined 
above  In  general  terms.  Since  the  number  of  experimental  data  is 
limited,  generally  speaking  the  obtained  evaluations  will  differ  from 
the  true  values  of  energy  spectrum  by  a  certain  quantity,  called 
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the  selective  fluctuations.  It  Is  therefore  necessary  to  know  the 
magnitude  of  these  fluctuations  -  i.e.,  the  stability  of  the  experi¬ 
mental  spectrum.  In  the  final  accounting  the  accuracy  of  the  obtained 
results  can  be  evaluated  If  the  limits  at  which  the  energy  spectrum 
will  be  located  with  a  certain  probability  are  known. 

Before  moving  on  to  quantitative  analysis  of  the  stability  of 
energy  spectrum  evaluations,  we  will  note  that  everything  that  has 
been  and  will  be  said  concerning  the  average  values  of  the  energy 
spectrum  is  valid  if  the  studied  process  is  stationery  and  does  not 
depend  or.  whether  or  not  the  process  is  Qaussian.  Strictly  speaking, 
evaluations  are  valid  only  for  Qaussian  processes,  although  they  are 
also  approximately  true  for  pi’oeesses  which  are  not  precisely  Qaussian. 

The  stability  of  certain  fluctuating  quantities  (for  example, 
S^(f,))  is  determined  most  simply  by  the  ratio  of  their  dispersion 
2 

o  to  the  square  of  the  average  value. 


It  can  be  shown  that  the  stability  of  spectral  evaluation  is 
determined  by  the  formula 


»*IWi)l  _ L 

lWfi«  r,rwi, 


(3.20) 


where  T'n=  —  Vtf*)  is  the  so-called  effective  length  of  recording, 
while 


[+«•  1* 

J  Qt(f\-f)S </>«*/ 

-  - - - - *-  (3-21) 

J  10,  </i~/)S  (/)!»<*/ 


is  called  the  equivalent  width  of  the  function  (^(f^  -  f)S(f). 

Formula  (3*20)  is  derived  or;  the  assumption  that  the  true  spectrum 
varies  slowly  as  compared  with  1/T^. 

Formula  (3.21)  has  a  3imple  meaning.  We  will  assume  that 
S(f)  «  const.  Then,  obviously,  WgHH  [W  ]  will  represent  the  equiva¬ 
lent  width  of  the  spectral  wLndow  Qj(f).  In  particular: 
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1)  if  Qi^  If.  a  rectangle  of  width  W,  then  »  W; 

2)  if  1 3  a  triangle  with  base  W,  then  Weq  -  0.75  Wj 

3)  if  Q.  -  Q,  (?ee  formula  (3*10)),  then  W  ■  0.5  W,  where  W  is 

i  1 

the  width  of  the  main  maximum; 

^ )  when  (see  formula  (3.16)),  W  »  0.67  W,  where  W  !.a 

the  width  of  the  main  maximum  (when  f^  1/t  )  ; 

5)  If  Q.  5  Q,  (see  formula  (3.18)),  then  W  ■  0 . 6  3  W,  where  W  is 

the  width  of  the  main  maximum  (when  f,  >  1/t  ) . 

i  —  m 

Values  of  for  the  spectral  windows  and  are  given 

on  Figs.  3-1  and  3.2. 

Thus,  formula  (3*20)  shows  that  the  greater  the  length  of 
recording  Tn  and  the  greater  the  equivalent  width  of  the  spectral 
window,  the  more  stable  Is  the  evaluation  of  the  energy  spectrum. 

It  should  be  remembered,  however,  that  an  increase  in  W  leads  to  a 
situation  in  which  the  obtained  evaluation  is  related  to  a  broader 
band  of  frequencies. 

It  is  obvious  that  unless  the  true  form  of  8(f)  is  known,  exact 
determination  of  the  value  of  Wpq  by  formula  (3*21)  is  impossible. 
However,  by  assuming  that  S(f)  varies  slowly  along  Q^(f),  without 
great  error  it  is  passible  to  set 

(3.22) 

Then  (3.20)  is  rewritten  in  the  following  form: 


(3.23) 


Thus  if,  for  example,  it  is  necessary  that  the  mean  square  devla 
tion  (a)  in  the  value  of  the  enei’gy  spectrum  comprise  no  more  than 


1/3  of  Its  average  value,  It  Is  necessary  that  t  /T'  be  less  than  1/9. 

m  n 

Consequently,  in  order  to  guarantee  stability  of  energy  spectrum 
evaluations  within  the  limits  +30— it 0 JK  of  the  average  value,  it  Is 
necessary  to  obtain  an  experimental  autocorrelation  function  up  to 
the  quantities  tm  which  comprise  no  more  than  10*  of  the  entire 
length  of  recording  T  . 

Below  It  will  be  convenient  to  examine  the  stability  of  spectral 

evaluations  on  the  basis  of  the  assumption  that  the  distribution  of 

2 

values  of  the  energy  spectrum  follows  the  so-called  x  -distribution. 

It  is  known  (Fisher,  1958)  that  if  y^,  y0,  ....  y^  are  independent 
normally  distributed  random  quantities  with  zero  averages  and  a 
unique  dispersion,  the  quantity 


xj=*y?  +  >1* 

2 

which  is  obviously  positive,  follows,  by  definition,  the  x  -distribution 

2  ■ 

with  fe  degrees  of  freedom.  The  stability  of  the  quantity  x^ » 

determined  as  the  ratio  of  its  dispersion  to  the  square  of  its 

average  value,  equals  2/k.  Thus,  with  an  increase  in  the  number  of 

degrees  of  freedom  k  the  quantity  Xjj  becomes  relatively  more  stable, 

since  its  scatter  with  respect  to  the  average  value  is  reduced.  This 

2 

assertion  is  valid  also  for  any  square  from 

i 

It  is  therefore  convenient  to  regard  stability  of  the  evaluation 

of  any  positive  quantity  (and  the  energy  spectrum  Is  positive  in  Its 

physical  essence)  in  terms  of  the  equivalent  number  of  degrees  of 

freedom.  Here  we  understand  the  number  of  degrees  of  freedom  of 
? 

such  a  Xfc  distribution  for  which  a  certain  multiple  coincides  with 
the  evaluation  being  considered  (with  respect  to  its  average  value 
and  diapers  ion)  . 

The  equivalent  number  of  degrees  of  freedom  is  easily  found  by 
proceeding  from  Its  definition  and  from  formula  (3.20): 

2r>*.,  (3-24) 
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or,  taking  (3.23)  Into  account,  wo  obtain 


Table  3.1  shows  how,  If  the  number  of  degrees  of  freedom  la 
known,  one  can  determine  with  a  certain  given  reliability  the  stability 
of  a  spectral  evaluation  -  i.e.,  how  to  find  those  boundaries  within 
which  our  evaluation  of  the  magnitude  of  the  energy  spectrum  will  lie 
with  a  certain  given  probability.  Table  3.1  is  easy  to  upo.  We 
shall  give  several  examples. 

Example  1.  If  the  average  value  of  the  energy  spectrum  of  wind 

?  '  3 

velocity  pulsations  is  obtained  as  equal  to  10  m '/s  over  a  prolonged 
period  of  time,  among  the  evaluations  with  15  degrees  of  freedom  5%  of 
tho  values  will  be  less  than  4.8  i.f/s3,  while  5*  will  exceed 
16.6  m  /s  .  Thus,  the  individual  values  of  the  ehergy  spectrum  will 
lie  within  the  limits  4.8-16.6  mVs3  with  a  reliability  of  90S.  If 
the  reliability  of  determining  stability  limits  is  reduced  to  8 0 % , 
the  individual  values  will  lie  within  narrower  limits  -  from  5.7  to 
14.9  m2/s3. 

Example  2.  If  the  Individual  value  of  the  energy  spectrum 
possessing  30  degrees  of  freedom  is  obtained  as  equalling  5  nws3.  we 
can  state  with  30%  reliability  that  the  true  average  value  will  lie 
within  the  llmit3  5/1.46  *  3.42  m2/s3  to  5/0.62  ■  8.07  'i'/s3.  If 
the  reliability  is  reduced  to  80!S,  the  true  average  value  will  now 
fall  within  the  limits  5/1-34  •  3.74  m2/s3  to  5/0.69  ■  7.25  m2/s3. 

Example  3-  We  will  assume  that  tntrr-  is  continuous  recordings  o  ’ 
wind  velocity  pulsations  for  a  period  of  ten  minutes.  It  is  necessary 
to  calculate  the  values  of  energy  spectrum,  where  it  is  desirable  to 
obtain  sufficiently  stable  evaluations  which  will  fall  within  the 
limits  +25*  of  the  true  value  with  a  reliability  of  8o?.  From  Table 
3.1  we  find  that  in  rder  to  obtain  such  a  stability  it  is  necessary 
to  have  evaluations  with  at  least  50  degrees  of  freedom.  From 


101 


Table  3*1*  Stability  (scatter)  of 
spectral  evaluations  ao  a  function  of 
the  equivalent  number  of  degrees  of 
freedom  and  the  reliability  of 


(Vi 
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raoteiM 
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0,0039 

3,8 

0,016 

2.7 

6 

0.23 

2,2 

0,32 

1  66 

10 

0,39 

1.63 

0,49 

1,60 

io 

0,4$ 

1.06 

0.57 

1,89 

30 

0.S5 

i.sr 

0,69 

l  83 

25 

U.S9 

1,50 

0.66 

\,m 

30 

0.62 

1.46 

0,69 

1,88 

40 

0,66* 

1,41* 

0,73 

1  30 

SO 

0,69* 

1,36* 

0,78 

1,30 

TO 

0,74* 

1 ,29* 

0,80 

1,30 

100 

0,76' 

1 .26* 

0,82 

1,10 

KEY:  (1)  reliability;  (2)  Degrees  of 
freedom;  (3)  of  -ill  values  exceed  the 
given . 


Remark.  We  obtain  the  values  marked 
with  asterisks  by  extrapolation  of 
standard  data  tables  (see,  for  example, 
Fisher,  1958). 


this,  we  can  use  formula  (3.25)  to  determine  the  maximum  3hift  t  to 

m 

which  it  is  necessary  to  calculate  the  autocorrelation  function  of 
wind  pulsations: 


' 600  24 


SO 


[CWH  *  3] 


For  simplicity  we  consider  here  that  ■  T  . 

Thus,  in  the  given  case  xm  comprises  a  total  of  only  4*  of  the 
entire  length  of  the  recording. 

An  Important  property  of  the  x2  distribution  is  the  fact  that 

p 

if  we  have  a  quantity  Xjj  with  fc  degrees  of  freedom  and  a  quantity 
2 

Xp  with  p  degrees  of  freedom,  their  sum  (x\  +  xp  will  possess  (fe  +  p) 
degrees  of  freedom.  This  property  must  bo  remembered  during  calcula¬ 
tions  of  stability  of  an  averaged  energy  spectrum,  when  several 
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Individual  evaluations  possessing  different  numbers  of  degrees  of 
freedom  enter  into  the  averaging. 


c 

r 

i 

if 

f 


i  2.  CALCULATION  OF  SPECTRA 
ACCORDING  TO  POINT  EQUIDISTANT 
RECORDINGS  OF  FINITE  LENGTH  WITH 
THE  USE  OF  AUTOCORRELATION  FUNCTIONS 

Everything  said  above  concerning  methods  of  calculating  energy 
spectra  from  continuous  finite  recordings  can  be  realized  in  practice 
only  by  means  of  the  appropriate  analog  computer  equipment  (correlom- 
eters  and  spectral  analyzers).  Below  we  will  describe  certain 
similar  instruments  and  the  principles  involved  In  working  with  them. 
However,  in  meteorology  very  few  measurements  are  processed  by  means 
of  analog  devices.  First  of  all,  in  the  overwhelming  majority  of 
eases  standard  meteorological  measurements  are  of  the  "point"  type, 
and  not  continuous.  Secondly,  even  when  continuous  measurements  are 
made  we  normally  deai  with  very  icw-frequency  processes;  this  permits 
accurate  conversion  of  the  analog  code  and  processing  of  information 
in  digital  form  by  means  of  electronic  digital  computers  (EDC). 
Therefore  it  is  advisable  to  give  special  cons iderut ion  here  to  the 
procedure  of  calculating  spectra  from  recordings  which  represent  a 
series  of  discrete  points  which  are  at  equal  distances  from  one 
another  (equidistant).  Although  all  of  the  formulas  presented  in 
5  1  for  continuous  recordings  have  their  discrete  analogs,  digital 
calculation  of  energy  spectra  from  point  recordings  possesses  a 
number  of  specific  features  which  require  special  examination. 

u.  The  "Substitution"  of  Frequencies 

Let  the  random  process  u(t)  be  not  a  continuous  function  of 
time,  but  a  set  of  discrete  equidistant  values  arranged  along  the 
time  axis  at  the  points 

/~0.  ±  A/.  ±2A/ .  «A/ 

in  such  a  way  that  H(t^  can  be  calculated  only  for  the  values 

|t|  =  -0.  A/,  ....  n Hi. 
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Moving  for  the  moment  away  from  the  finite  nature  of  the 
recording  (i.e.,  considering  n  -  ») ,  we  can  write  the  discrete  analog 
of  the  Fourier  transform  [compare  with  (3.?)]: 

Sa(/)~  2  (3.26) 

r  -*  -■ 

where 

'-o.  ±1.  ±2.... 

First  of  all,  b”  substituting  f  *  1/At  Into  (3.26)  It  Is  possible 
to  verify  that  S^Ci'  ■  ■  the  period  At,  and  since  the  spectrum  is 
symmetrical  wc  can  vt.  fy  that  Its  major  portion  is  included  within 
the  frequency  band  from  f  ■  0  to  f^  ■  l/2At,  with  the  values  of  the 
spectrum  being  subsequently  .simply  repeated  with  frequency  f  ■  1/At 
(Fig.  3.3)*  Thus,  the  highest  frequency  (the  so-called  Nyqulst 
frequency)  on  which  it  is  possible  to  obtain  an  evaluation  of  the 
energy  spectrum  with  selection  at  intervals  At  will  equal  f^  ■  l/2At. 


s»tf) 


Fig.  3-3.  Periodicity  of  the  spectrum 

sA(f). 

In  addition,  it  is  extremely  important  that  we  know  whether  or 
not  the  true  spectrum  S(f)  of  the  real  process  contains  frequencies 
which  are  greater  than  .  If  so,  the  problem  of  "substitution"  of 
frequencies  arises.  This  consists  in  the  fact  that  if  frequencies 
in  the  band  [0,  f^]  are  easily  distinguished  from  one  another,  any 
frequency  greater  than  1'^  will  be  indistinguishable  from  a  certain 
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frequency  in  the  band  [0,  f^].  This  leada  to  a  ultuatlon  in  which 
the  calculation  of  the  energy  apectrum  S^(f)  will  contain  errors  in 
all  its  values;  these  errors  will  be  greater,  the  greater  the  energy 
of  the  process  on  frequencies  higher  than  f M .  The  nature  of  this 
phenomenon  (which  unfortunately  cannot  be  avoided  if  S(f  >  f^)  k  0) 
can  be  explained  by  means  of  Fig.  3 . 4 . 


Fig.  3.  A.  Equidistant  selection  from 
sinusoids,  of  different  frequency. 


Thus,  for  example,  from  Fig.  3*  A  it  is  evident  that  with  the 
beat  Interval  At  »  0.2  a  it  is  impossible  to  state  with  confidence  from 
the  sinusoid  of  which  frequency  the  selection  is  actually  made:  1, 

A,  or  6  Hz.  Therefore,  it  Is  natural  that  if  It  Is  necessary  to 
calculate  the  value  of  (1  Hz)  and  If  the  true  spectrum  of  the 
process  extends,  for  example,  up  to  10  Hz,  during  selection  with  an 
interval  At  *  0.2  s  the  energy  of  the  process  on  the  frequencies 
A,  6  and  9  Hz  will  be  added  to  the  true  value  S  (1  h’z)  and  a  false 
presentation  of  the  form  of  the  energy  spectrum  will  be  obtains. j. 

The  given  figure  also  shows  the  derivation  of  the  term  "substitution"  - 
frequencies  greater  than  f^  will,  as  it  were,  substitute  themselves 
for  frequencies  in  tne  band  [0,  f^].  The  phenomenon  of  substitution 
of  frequencies  is  written  analytically  in  the  form  (Blackman  and 
Tukoy ,  1950) 

Sa  (/)  -  S</)  +  S{2/y  -  f)  +  5 (2/.v  +f)  +  si4f„  -  /)+ 

+  $  (V*  +  /)  +  •••  (3. FI) 


1 
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k.-illllllllliil-sBIlliillKrtl” 


where  SA(f)  is  the  spectrum  of  the  process  calculated  from  a  discrete 
recording,  while  S(f)  is  the  true  spectrum. 

For  the  example  3hown  ori  Fig.  3.^,  formula  (3.27)  gives 

/ ,v  4r  ~  2  0,2  =*  2'5  rtt* 

$i(l  rub-S(l  nO  +  S<4  ru)-f-S(6  m)-f  5(9  m)  + 

-fS(ll  ru)  +  ... 

[ry  »  Hz] 


al-p.:  ««,  ru.  SA(P  runsu.o  ml  til). 

*«<*  r«(  — Stl  rO-SH  ru)-J<«  m>,  SAU  ru)*J(J  r«)  + 

♦  JO  r»),  rul-SC.5  r»t  +  J(A»  r»l. 

[cert  =  s;  i  n  *  Hz]. 

The  Nyquist  frequency  f,,  is  also  often  called  the  frequency  of 
"addition,"  since  from  formula  (3.27)  it  follows  that  the  true  spectrum 
3(f)  is,  as  it  were,  complicated  by  the  accordlan  effect  in  multiples 
of  fN>  Figure  3.5  shows  how  the  true  spectrum  S(f)  is  added  together 
with  the  given  fN  with  transition  to  SA(f).  The  same  figure  also 
shows  the  calculated  spectrum  SA(f).  It  is  clear  that  when  selection 
is  discrete  and  equal  to  At  =  0.2  s  and  with  a  given  3(f),  values  of 
Sft(f)  will  be  obtained  which  are  overstated  by  30-50%  with  respect  to 
the  true  spectrum.  It  is  clear  that  for  correct  calculation  of  the 
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spectrum  S^(f)  In  the  case  shown  on  Pig.  3*5  it  is  necessary  to  give 
fjj  ■  7.5  Hz;  this  corresponds  to  the  selection  interval  l/2/*«»O,07  s. 
The  above  material  makes  it  mandatory  to  focus  the  most  serious 
attention  on  the  phenomenon  of  substitution  of  frequencies  during 
calculations  of  ener ry  spectra  from  discrete  recordings.  To  reduce 
(or  totally  eliminate)  the  influence  of  substitution,  in  the  very 
earliest  stages  of  the  experiment  (measurement,  recording)  it  is 
necessary  to  filter  out  all  high  frequencies  which  may  possibly 
exist  in  the  process  and  which  will  not  interest  the  investigator 
for  any  reason  in  subsequent  calculations. 

b.  Preliminary  Calculation  Outline 
and  the  Stability  of  Spectral 
Evaluations 

For  convenience  we  will  designate  Lho  obtained  values  of  the 

random  process  uQ ,  u^,  ...,  u  ,  which  correspond  to  u(0),  u(At),  .... 

u(nAt).  Subsequently,  following  the  system  described  in  §  1,  it  is 

necessary  to  calculate  the  values  of  experimental  coefficients  of 

autocorrelation  (and  not  the  continuous  experimental  function  Rqq(t))» 

to  modify  these  values,  and  then  to  carry  out  Fourier  transformation 

in  order  to  obtain  the  spectrum.  It  is  obvious  that  it  is  Impossible 

to  calculate  experimental  autocorrelation  coefficients  for  shifts  In 

time  which  are  different  from  0,  At,  ...,  nAt.  Therefore  it  is 

convenient  to  write  RQ  ,  ,  ....  Rm  instead  of  RQ0(0),  R0C(At), 

RQ^(mAt).  Here  n  is  the  quantity  of  available  values  of  the  random 

process,  corresponding  to  T  from  §  1,  while  m  is  the  quantity  of 

shifts  in  time  with  a  magnitude  of  At  for  which  the  autocorrelation 

coefficients  are  to  be  calculated.  This  quantity  of  shifts  corresponds 

to  t  from  §  1 . 
m 

If  we  now  carry  out  Fourier  transformation  of  all  autocorrelation 
coefficients  (the  quantity  of  which  equals  m  +  1),  it  is  possible  to 
obtain  smooth  evaluations  of  the  energy  spectrum  for  any  frequency 
between  0  and  f„  *  l/2At.  However,  it  can  be  shown  that  in  order  to 
draw  in  all  information  included  in  the  process  it  is  sufficient  to 
calculate  only  m  +  1  values  of  the  energy  spectrum  -  i.e.,  one  value 
of  the  spectrum  for  each  R  ,  where  r  *  C,  1,  ....  m.  The  calculated 


values  cl1  the  energy  spectrum  will  be  uniformly  distributed  over  the 
I'lvdueiioy  ax  I  a  in  the  band  0  f  <_  fjj  with  the  intervals  “  V2mAt. 


For  continuous  recordings  it  is  necessary  first  to  modify  the 
experimental  autocorrelation  function  RqQ(t)  meana  o1’  a  certaln 
time  window  D^(r)  and  then  to  carry  out  Fourier  transformation  of  the 
modified  function  Rj(x),  In  this  way  evaluations  of  smooth  values  of 
the  energy  spectrum  are  obtained  as  the  result  of  passage  of  a  true 
spectrum  of  the  process  S(f)  through  a  certain  spectral  window  Q,(f) 
(see  (3.1*0)*  With  transition  to  discrete  recordings  it  turns  out 
to  be  simpler  first  to  carry  out  the  Fourier  transformation  and  only 
then  to  modify  the  obtained  values  of  the  energy  spectrum.  Actually, 
since  D2  and  represent,  finite  sums  of  cosines,  their  Fourier 
transforms  will  be  simply  sums  of  the  delta-functions  and  therefore 
the  convolution  in  formula  (3.1**)  la  reduction*  to  smoothing  with  the 
weights 


0.25  0.8 

0.23  0.54 


0,25 

0,23 


[lh"i  =  for] 

Finally  the  following  calculation  scheme 


is  assembled. 


1.  Calculation  of  experimental  autocorrelation  functions  by  the 
formula  (compare  with  (3*7)) 


R, 


f  s —  f 


V 


(3.28) 


for  r  ■  0,  1,  ...,  m,  where  m  £  n. 

2.  Calculation  of  the  Fourier  transfo"m  from  R  according  to 
the  formula  (compare  with  (3.6)) 


+  7  2  Ri 


cos  -|-  /?„cos  n 


(3.2‘J) 


*[Trans iat or ' s  Note:  Original  wording  unclear.  Might  be  a  typo 
for  the  verb  "is  reduced  to" 7. 
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3.  Smoothing  the  valuer  of  P  to  obtain  evaluat ions  of  the 
energy  a  pert  rum  according  to  the  formula:. 

S9  0,5 P#  -f-  0,5P|t 
1  <r<m-  1, 

5,  =* 0.25P, _ i  +  0.5P,  -f  0.25P,  + , ,  1  </-<«-  I, 

S*  ““  0,5Pm  _  i  +  0,5P„  ' 

with  application  of  the  time  window  0o  or 


S0  —  0,54P0  -j-  0,54  P,, 

S,  —  0.23P,  _ ,  +  0,5  IP,  +  0.23P,  + , .  1  <  r  <  n  ~  1 . 
5W-0.54P„_,  +  0,54P. 


(3.3D 


with  application  of  time  window  D..,  'Che  obtained  value:;  of  3  are 

r  V 

related  to  the  frequencies  f  =  r/2mAt.  whereas  0  <  f  r  f ..  =  l/PAt. 

The  distance  (on  the  frequency  axis)  between  neighboring  evalua¬ 
tions  of  the  energy  spectrum  equals  1/PnAt.  Analysis  of  the  stability 
of  the  obtained  spectral  evaluations  differs  In  no  way  from  that 
described  in  §  1  and  furthermore  it  is  based  on  calculation  of  the 
equivalent  number  of  degrees  of  freedom.  The  analog  of  formula  (3-25) 
for  calculation  of  the  equivalent  number  of  degree.;  of  freedom  k  is 
written  in  the  form 


(  3  •  3  P ) 


where  n*  s  n  -  l/3n  Is  called  the  equivalent,  number  of  points.  II' 
fc  is  known  and  if  Table  3*1  is  then  used,  it  is  possible  to  determine 
the  stability  of  the  obtained  values  of  3  of  .he  energy  spectrum. 

c.  Preliminary  "Whitening"  of  the 
True  Spectrum 

The  general  methods  of  calculating  energy  spectra  from  equidistant 
recordings  were  described  above.  N’ow  It  is  necessary  to  pause  on 
certain  special  problems  which,  although  they  do  not  always  appear, 
will  require  strict  attention  when  they  do  arise. 


f 


! 


We  will  assume  that  the  curve  of  the.  true  energy  spectrum  ol' 
the  process  F  ( f )  drops  sharply  with  an  Increase  in  frequency.  Then 
c i i e  situation  explained  by  Fig.  3.6  can  become  extremely  complicated. 
If  the  true  spectrum  3(f)  has  the  form  shown  on  Fig.  3-6a,  during 
evaluation  of  the  value  of  the  spectrum  on  frequency  f  1  by  means  of 
spectral  window  Q^(f)  (Pig.  3.6b)  the  influence  of  side  maxima  to  the 
left  of  fj  grows  beyond  permissible  limits  (Fig.  3.6c).  Tn  the  end 
It  is  possible  to  find  that  the  calculated  value  of  the  spectral 
evaluation  S^( 1 '  )  will  relate  more  quickly  to  a  lower  frequency  than 
to  the  actual  frequency  f ^ .  From  this  it  follows  that  it  is  desirable 
to  deal  witli  a  spectrum  whose  magnitude  varies  with  frequency,  in 
order  to  avoid  serious  distortions.  Tc  obtain  such  a  spectrum  it  is 
obviously  necessary  to  introduce  at  a  certain  stage  In  the  experiment 
an  operation  which  would  lead  to  emphasizing  of  high  frequencies  and 
to  weakening  of  low  frequencies.  It  is  natural  to  call  such  an 
operation  whitening,  since  in  the  end  it  Is  desirable  to  obtain  a 
uniform  energy  spectrum,  which  is  usually  called  a  spectrum  of  "white" 
noise.  ’  [t  is  most  convenient  to  Introduce  the  whitening  operation 
at  the  very  earliest  stages  of  the  experiment  (measurement,  recording) 
l»y  appropriate  selection  of  the  frequency  characteristics  of  the 
equipment  used.  However,  for1  various  reasons  this  is  not  always 
possible  and  therefore  It  Is  necessary  to  bleach  the  spectrum  after 
the  experimental  data  has  been  obtained. 

One  method  of  whitening  a  spectrum  after  obtaining  the  actual 
data  is  by  compiling  a  certain  linear  sliding  combination  whose 
frequency  characteristic  Is  such  that  the  resulting  spectrum  becomes 
more  uniform  than  the  initial.  Actually,  if  there  are  a  series  of 
equidistant  values  of  the  process  u^  =  u^ ,  u^  ,  ...,  u^,  it  is 
possible  to  compile  a  sliding  linear  combination  of  the  type 

«!  =  «,--  «u,_,  —  P«i-j  —  (3  -  33) 

It  can  be  shown  (Blackman  and  Tuk^y ,  19r?8)  that  tin  'nergy  spectrum 
S^(f)  of  the  obtained  process  is  connected  with  the  energy  spectrum 
?A(f)  of  the  Initial  process  u?  by  the  relationship 

SA(J)  St/)  -UAf  n  —  ra-if  —  /3*un  /  0  ?U\ 

-i7c'/r*  1,1  ~a*  (3-vo 
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S(T)  a) 


!  c) 


Fig.  3-6.  The  problem 
of  "whitening"  the  true 
spectrum,  a  -  sharply 
dropping  true  spectrum 
S(f);  b  -  spectral 
window  (f )  ;  c  - 

result  of  passage  of 
S(f)  through  the  window 
Qi(f). 


where  w  *  2irf  and  At  Is  the  interval ' between  successive  values  of 
t.he  process. 

Expression  (3-3*0  represents  a  non-negative  polynomial  of  the 
third  power  from  cos  u>At.  By  appropriate  selection  of  the  coefficients 
a,  3,  y  It  is  possible  to  obtain  the  desired  frequency  dependence, 
leading  to  whitening  of  the  true  spectrum. 

As  an  illustration  we  will  introduce  the  simplest  operation  of 
whitening  by  means  of  a  linear  combination  of  the  type 


(3-35) 


(where  we  will  set  At  -  1).  We  will  note  that  in  (3*35)  the  values  of 
Z  begin  with  unity  and  not  with  zero.  For  clarity  we  will  demonstrate 
graphically  that  operation  (j.35)  actually  leads  to  weakening  of  lower 
frequencies  and  intensification  of  high  frequencies.  For  this 
purpose  we  will  take  two  extreme  cases:  the  zero  frequency  and  the 
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highest  frequency,  which  is  obviously  equal  t  the  Nyquist  frequency 
fM.  Figure  3.7a  ohows  values  of  which  are  all  equal  to  +1  m/s 
(  ;  ,o.,  we  are  speaking  of  the  zero  frequency  of  the  initial  process) 
and  also  values  of  obtained  according  to  (3*35)  and  equal  to  +0.4 
m/  a . 

a) 

U  M/M*.  Va 

U0\>  * — •  •— « — • 


Fig.  3.7.  Effect  of  the 
"whitening"  operation  (3-35) 
on  the  constant  component 
(a)  and  on  the  high- 
frequency  component  (b)  of 
the  process. 

It  is  obvious  that  or,  the  zero  frequency  attenuation  occurs 
which  equals  S*  {0)ISA  (0)^0, 45/  (l)5  — 0, 16,  i.e.,  by  more  than  6  times. 

Figure  3.7b  shows  values  of  u^  euqal  to  +1  m/s  (i.e.,  velocity 
pulsations  with  a  frequency  of  ffJ  =  l/2At  =  0.5)  and  it  also  shows 
values  obtained  according  to  (3-35)  and  equal  in  turn  to  +1.6  m/s. 

It  is  evident  that  intensification  equal  to  S*  ({.\)/Sa  (/*)=  — 

■  2.56,  i.e.,  by  more  than  2.5  times,  has  occurred  on  frequency  f . 
Formula  (3.34)  gives  the  following  relationship  for  the  linear 
combination  (3*35)  : 


i  i  J 

h) 


t  t  1  it 


4~*r^r  -  1 1  -  0.6*" '•  |*  =  1.C6  —  1,20  cos  2*/. 


(3.36) 
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whose  curve  !.*  shown  on  j.8 


hfWStft 

in' 
i 

i.jf 

> 

o.rt 

Fig.  3-o •  Frequency 
characteristic  of  the 
"whitening"  operation 
(3.35). 

Thun  during  the  study  of  process  an  with  sharply  falling  spectra 
(to  he  exact,  with  processes  oT  the  type  which  are  most  frequently 
encountered  by  meteorologists),  we  car.  mvoommend  the  application  of 
one  cr  another  procedure  of  whitening,  the  real  spectrum,  which  will 
lead  to  more  reliable  final  results. 

d.  Elimination  of  Zero  Frequencies 


During  digital  processing  of  equidistant  recordings  yet  another 
problem  arises  -  one  will  eh  does  not  normally  exist  during  analog 
treatment  of  continuous  recordings.  As  a  rule,  analog  computers 
automatically  filter  out  very  low  frequencies,  which  makes  it  possibl 
t '•  rcv..H"d  the  process  being  treated  as,  having  a  zero  average  value. 
However,  when  discrete  data  are  being  processed  it  is  necessary  tc 
deal  with  all  frequencies ,  right  down  to  tine  zero  frequencies.  In 
this  case  It  is  very  Important  to  take  measures  to  filter  out  zero 
frequencies  hi  order  to  avoid  obtaining  distorted  values  of  the  energ, 
scectrum. 


In  the  example  presented  by  Blackman  and  Tukey  (1958)  It  Is 

easy  to  see  how  such  distortions  arise  and  also  to  evaluate  their 

order  of  magnitude.  Let  us  assume  that  the  majority  (we  will  say 

999  out  of  1000)  of  processed  values  in  a  certain  experiment  vary 

from  -100  to  +100  (conditional  units).  Then,  apparently,  the  standard 

2 

deviation  o  ■  30  and  the  dispersion  a  •  900.  If  the  average  value 
equals  5  or  oven  10,  it  is  quite  difficult  to  determine  visually  that 
it  is,  In  fact,  not  equal  to  zero.  We  will  assume  further  that  these 
experimental  data  were  obtained  for  the  period  ■  15  min  with  a 
sampling  interval  of  At  »  1  s.  Thus,  there  are  900  points  in  all. 

The  Nyquist  frequency  equals  0.5  Hz,  and  the  distance 

(in  terms  of  frequency)  between  neighboring  spectrum  values  equals 

Afim  — —  =»5 •  HH  Hz ,  i.e.,  the  band  [0,  f^]  will  be  broken  down  into 

900  elementary  frequency  bands. 

The  total  power  included  in  the  process  equals  the  sum  of  the 
square  of  the  average  value  (the  so-called  power  of  the  constant 
component)  and  of  the  dispersion.  In  the  given  example  P,,#,,**  5*  4-900** 

■  925  or  102  ♦  900  +  1000.  It  is  clear  that  the  power  of  the 
constant  component  is  contained  in  the  actual  low-frequency  elementary 

band  (i.e.,  in  the  first  band  adjacent  to  zero).  And  this  leads  to 

100  100 

a  value  of  the  energy  spectrum  of  this  band  equal  to  -  *=»  —g~j 835 

»  2-10  1/Hz,  while  the  average  value  of  the  energy  spectrum  for  all 

of  the  remaining  699  elementary  bands  will  equal  in  all  only 

900  900 

— -r  .  «*2- 10*  2/Hz.  Thus,  f  le  value  of  the  spectrum  in  "zero" 

lx  0.5 

will  be  about  100  times  greater  than  the  average  on  the  higher 
frequencies . 

This  example  shows  clearly  the  situation  to  which  unflltered 
zero  frequencies  may  lead.  When  we  speak  of  zero  frequencies,  we 
usually  have  in  mind  not  only  processes  with  a  constant  component 
(i.e.,  with  a  constant,  but  not  zero,  average),  but  also  processes 

in  which  slow  "drifts"  of  the  average  value  (a  so-called  trend)  will 

be  observed.  In  meteorology  it  is  most  frequently  necessary  to  deal 
with  such  processes,  when  rapid  fluctuations  are  superimposed  on 


vastly  slower  pulsations  which  play  the  role  of  the  trend.  As  a 
rule  Interest  lies  precisely  in  the  rapid  fluctuations  and  it  is 
desirable-to  filter  out  the  trend  so  that  its  influence  will  not 
affect  the  statistical  properties  of  the  high-frequency  component  of 
the  process. 

Such  a  problem  is  completely  soluble  but  only  in  that  case  when 
the  low-frequency  (LF)  and  the  high-frequency  (HF)  components  lie 
In  substantially  different  frequency  ranges  which  do  not  overlap 
(Fig.  3-9).  Actually,  if  the  LF  spectrum  lies  to  the  left  of  a 
certain  limiting  frequency  f^,  while  the  HF  spectrum  lies  to  the 
right  of  a  certain  limiting  frequency  f->,  by  constructing  a  filter 
which  will  pass  all  frequencies  higher  than  a  certain  f#  and  which 
will  extinguish  all  frequencies  below  f#,  where  f,  <  f,  <  it  is 
possible  to  eliminate  the  trend  completely  without  distorting  the 
high-frequency  component.  However,  such  ideal  cases  are  virtually 
never  encountered  in  meteorological  practice.  The  best  that  can  be 
counted  on  (Van  der  Hoven,  1957)  is  the  presence  of  a  large  or  small 
dip  between  the  maxima  of  the  LF  and  HF  3pectra  (broken  line  on 
Fig .  3-9).  Most  frequently  even  this  condition  Is  not  fulfilled. 
Therefor',  In  each  individual  case  during  experimental  investigations 
cf  any  particular  phenomena  in  the  atmosphere  It  is  necessary  to 
develop  unique  specific  methods  of  combatting  the  distorting  influence 
of  zero  frequencies  (Lumley  [?]  and  Panofsky,  1966). 
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Fig.  3.9-  3(,f )  spectrum  with 

complete  or  partial  (broken 
line)  dip  between  the  high-fre 
quency  (HF)  and  the  low-fre¬ 
quency  (LF)  components. 

KEY:  (1)  LF;  (2)  HF. 


Here  we  will  point  out  only  the  common  (and  mandatory)  method  or 
eliminating  the  constant  component.  This  is  most  simply  done  by 
subtracting  from  each  value  of  the  experimental  autocorrelation  funotion 
the  square  of  the  average  value  or  the  investigated  quantity.  Then 
formula  (3*28)  for  calculation  of  Rr  will  be  replaced  by 

2  *♦*.+' ~  [~r2 •«]' •  (3.37) 

e.  Resultant  Calculation  System 

The  calculation  system  proposed  below  Is  not  unique  or  universal. 
However,  It  provides  a  good  illustration  of  the  basic  concepts  of 
the  method  and  will  be  useful  in  many  practical  cases. 

Let  there  be  a  set  of  the  values  of  the  process  (q  •  0,  1, 

...,  n)  and  a  separation  interval  fit  ■  1.  In  this  case  it  follows 
that  one  should: 

1)  Set  value  At  ■  1;  it  is  ascertained  that  the  true  spectrum 
of  the  process,  S(f),  is  reduced  for  practical  purposes  to  0  with 

a  change  in  frequency  from  0  to  fN  ■  0.5.  In  the  opposite  case  it 
is  necessary  to  reduce  At  in  order  to  avoid  the  distorting  influence 
of  substitution  of  frequencies. 

2)  Carry  out  the  preliminary  whitening  of  the  real  spectrum  by 
means  of  the  operation  (see  (3-35)) 

0,6«f  _ ,  (3.38) 

(the  subscript  q  varies  from  unity  and  not  from  zero). 

3)  Calculate  the  experimental  coefficients  of  autocorrelation 
of  the  whitening  process  with  simultaneous  filtering  out  of  the 
constant  component  (see  (3.37)): 


for  r  ■  0,  1,  .  .  . ,  m,  whero  ra  <_  n.  If  a  trend  is  present  it  in 
necessary  to  use  more  complex  filters  (see  Blackman  and  Tukey  ,  1958) 

*0  Carry  out  Fourier  transformation  from  according  to  the 
formula 


P,  ----  £/?0  4-  2  R*  cos  T •  ft* cos  r*J  • 


( 3 -*'I0) 


5)  Smooth  the  obtained  values  of  P^,  by  means  of  the  spectral 
window  (o.25;  0.5;  0.25)  to  obtain  preliminary  evaluations  of 
the  energy  spectrum: 


St  «■*  O.SPt  4"  0*  SPi  • 

S’,  -  0.26 P,  - ,  +■  0.5P,  +  0.2SP, + , .  1  <  r  <  n  - 1 . 
5.  ~  0,5P«  - 1  4-  0,5Pm . 


(3.^1) 


fi)  Take  into  account  the  whitening  operation  and  the  filtering 
out  of  the  constant  component  to  obtain  the  final  evaluations  of 
the  energy  spectrum  (see  (3-36)): 


Sa  —  --- - 1 - -  si 

8  n  —  m  ,  „  ,  „  Jt 

1 ,3ft  —  1 ,20  coi  uj- 

S,  *=■  S,  i  1  ^  r  ^  ffi  1 1 

1,38  — !  ,00co« 

5,  «=»  '  j  T  Sm . 


(3-^2) 


The  evaluation  of  the  magnitude  of  the  energy  spectrum  SQ 
relates  to  a  frequency  which  is  somewhat  greater  than  zero  (here  It 
Is  assumed  that  fg  ■  l/6m);  the  evaluation  relates  tc  frequencies 
r/.’m,  while  the  evaluation  Sm  relates  to  frequencies  which  are 


somewnat  lower  than  ■  0.5  (here  It  Is  assumed  that  f  *  f.,  -  l/6m)  . 

N  <n  N 

All  of  the  calculated  evaluations  have  a  stability  which  is  no  greater 

p 

than  the  x  distribution  with  2n/m  degrees  of  freedom  (sef-  Table  3.1). 
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§  3.  CALCULATION  OF  SPECTRA  FROM 
POINT  EQUIDISTANT  RECORDINGS  OF 
FINITE  LENGTH  USING  MATHEMATICAL 
FILTERS 


The  procedure  described  In  H  1  and  2  for  calculating  the 
energy  spectrum  of  a  process  by  means  of  the  Fourier  transform  of  It. 
autocorrelation  function  Is,  In  a  certain  sense,  artificial. 

Naturally,  It  would  be  better  to  obtain  the  energy  spectrum  directly  - 
for  example,  by  means  of  a  set  of  one  or  another  sort  of  filters, 
i.e.,  without  resorting  to  formal  methods.  In  the  case  of  continuous 
recording  the  procedure  for  obtaining  the  spectrum  directly  does  not 
cause  any  difficulties  (and  in  fact  it  is  frequently  used).  When  it 
is  necessary  to  deal  with  equidistant  point  recordings  the  ordinary 
radio-engineering  methods  of  obtaining  the  spectrum  become  inapplicable. 

In  this  section  we  will  show  how  an  electronic  digital  computer 
can  be  used  to  realize  operations  which  are  equivalent  to  radio- 
engineering  filtration  and  also  how  to  obtain  the  spectrum  of  a  process 
without  intermediate  calculation  of  its  autocorrelation  function. 

In  general  Torm  the  filtration  operation  can  be  described  as 
follows: 


»(o~  f 


(3.H3) 


where  u(t)  and  v(t)  are  processes  on  the  input  and  output  of  the 
filter,  while  h^ft)  is  the  so-called  transient  or  weighting  function 
of  the  filter.  The  subscript  p  designates  a  specific  form  of  the 
function  h( t) . 

The  connection  between  the  energy  spectrum  of  the  initial 
process  Su  and  the  spectrum  of  the  process  on  the  filter  output  Sv  is 
given  by  the  expression 


«•-!♦,</)  I**.. 


(3.ra: 
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where  $p(f)  is  the  transfer  function  of  the  filter,  connected  with 
hp(t)  by  the  relationship 

*,(/)- (3.^ 


Let  it  be  possible  to  select  function  hp(t)  in  such  a  way  that 
l®,(/)P  has  the  form  shown  on  Fig.  3-10.  Then,  obviously,  the  proces 
v(t)  on  the  output  cf  such  a  filter  will  contain  only  frequencies  i 
the  band  [f^,  fg],  and  the  energy  of  the  process  in  this  band  will 
equal 

—S.  (/•)(/,-/,).  (3.«* 

* 

From  thi3  the  spectral  density  of  the  energy  of  the  Initial  process 
u(t)  equals 


S.W)-- ^tt-  <3.ii 

where  f*  is  included  between  f1  and  fg.  If  Su  is  changed  slowly  in 
the  band  [ f ^ ,  fg],  it  is  possible  to  set  f*  =  +  fg/2. 


The  filter  shown  on  Fig.  3-10  is  called  a  band  filter  because 
it  passes  only  a  certain  band  of  frequencies  of  tne  initial  process 


A  similar  effect  can  be  achieved  by  successive  application  of  simpler 
filters  of  low  or  high  frequencies.  Actually,  let  there  be  a  filter 
lVfl)j2  which  passes  all  frequencies  above  a  certain  limiting 
frequency  f^  and  which  does  not  pass  lower  frequencies  (see  Fig.  3-lla) 
Such  a  filter  is  called  a  high-frequency  filter.  The  energy  of  the 
process  v^(t)  on  the  output  of  such  a  filter  equals 


IM'lP-f  $„(/><*/• 

/• 


(3.48) 


If  we  now  pass  the  initial  process  u(t)  through  a  similar  filter 
|$p(f2)|2,  with  a  limiting  frequency  f2  >  f^  (Fig.  3.11b),  for  the 
process  v2(t)  we  will  have 


j  ii v(/,)p^(/)rf/. 


(3.«9) 
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Fig.  3.11.  Obtaining  a 
band-filter  effect  (c) 
as  a  result  of  successive 
application  of  high- 
frequency  filters  with 
different  (a  and  b) 
boundary  frequencies. 


2  2 

It  is  evident  that  the  difference  in  energies  (o^  -  a 2)  will 
represent  the  energy  of  the  initial  process  u(t)  in  the  frequency 
band  [f^,  f23>  s^-ncfe  fr°m  (3.48)  and  (3.49)  it  follows  that 


4-4- j'  II  *,</,)!*  - 1  *,(/,)!*  I  $.</)*/  ■ 
-s.  (/*)(/*-/.). 


(3-50) 


from  which 


SAD* 
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which  is  analogous  to  formula  (3.^7)  for  a  band  filter.  Such  a 
coincidence  is  natural,  since  the  difference  between  the  two  high- 
frequency  filters  with  different  boundary  frequencies  will  give  the 
effect  of  a  band  filter  (3ee  Fig.  3.11c).  It  is  obvious  that  a  band 
filter  can  be  obtained  also  as  the  difference  between  two  low- 
frequency  filters.  As  a  rule,  however,  it  is  high-frequency  filters 
which  are  used,  since  they  make  it  possible  to  avoid  the  influence 
of  zero  frequencies  on  the  calculation  results.  The  procedure  for 
calculating  energy  speotra  based  on  the  application  of  successive 
high-frequency  filters  can  be  realized  by  means  of  an  electronic 
digital  computer. 


a.  Mathematical  High-Frequency  Filters 


We  will  now  examine  two  pairs  of  functions  hp(t),  4>p(f),  which 
are  most  frequently  used  during  calculations  of  energy  spectra.  The 
simplest  transient  function  hp(t)  represents  an  ordinary  sliding 
average 


T  npn  —  -j-  <  t  <  +  • 

M0- 

0  npH  |/|>  -j-, 

[npn  =  when] 

•o 

The  corresponding  transfer  function  |4>1(f)|‘‘  has  the:  form 


(3-52) 


(3.53) 


The  functions  h^(t)  and  |<t^(f)|  are  shown  on  Fig,  3.12.  From 
the  figure  it  is  clear  that  j  -^ ( f )  |  ^  represents  a  low-frequency 
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Fie.  3.12.  "Sliding" 
average  (a)  and  its  trans¬ 
fer  function  ( b ) .  1  - 

high-frequency  filter;  2  - 
low-frequency  filter. 


filter  with  a  boundary  frequency  f  «  1/T  (curve  2).  It  is  obvious 
that  the  transfer  function  equal  to  (1  —  |<l>i (/> |a>  will  also  be  a  high- 
frequency  filter  with  the  same  boundary  frequency  (curve  1).  The 
form  of  this  filter  Is  far  from  Ideal  (compare  with  Fig.  3* Ha). 
First  of  all,  frequencies  higher  than  frp  are  passed  unevenly  and, 
secondly,  frequencies  below  f  are  not  completely  extinguished.  It 
is  obvious  that  a  band  filter  obtained  as  the  difference  between  two 


>rm. 


(1  —  | <Pt(/) 1 3}  with  different  frp  will  have  a  fairly  complex  for 
will  note  that  (l-l  <M/)I‘>  filters  with  different  f  correspond 
simply  to  different  times  of  averaging  in  formula  (3.52). 


We 


The  best  propertlf?s  are  found  in  the  transient  function  h2(t), 
called  the  smoothed  sliding  average  (Ozmidov,  1964); 


*»M- 


J— ~ —  nPH  — f*  <  *  <  +  i 


0  npii  \  t  |>-y. 


(3-54) 


p 

The  corresponding  transfer  function  |40(f)|  lias  the  form 
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(3.55) 


I  **(/)  i*  ■  t “ 

•“  I  '*'i  (/)  lJ  X«3-  ^T)Tpr  •  (3.55) 

The  functions  h2(t),  (  ♦  ^ ( f )  |  ^  (curve  2)  and  {I  —  l<M(/)l*}  (curve  1) 
ate  shown  on  Fig.  3*13»  {1  —  l«I>a (/) | *}  is  the  high-frequency  filter  with 
a  boundary  frequency  f  *  2/T,  where  lt3  basic  distinction  from  and 
advantnge  over  (i  —  I*}  consists  ir.  the  fact  that  It  has  much 

smaller  side  maxima. 

In  subsequent  calculations  of  the  energy  spectrum  we  will  use: 
band  filters  which  represent  the  difference  between  {I  -  I ®s (/)!*)  Alters 
with  different  f  '.  Before  moving  to  discussion  of  the  calculation 
scheme,  we  will  show  that  the  distinction  between  the  proposed  filters 
and  ideal  filters  leads  to  a  requirement  l'or  a  slight  change  in  the 
form  of  formula  (  3  • J  ;  • 

? 

The  fact  ia  that  the  boundary  frequencies  of  the  filters  |#,| 
and  |4>2|c,  pointed  out  above  arid  equal  to  1/T  and  2/T  respectively, 
are  defined  formally  as  the  frequencies  at  which  the  filters  achieve 
the  first  null  (see  Figs.  3-12  and  3-13).  But  formula  (3.51)  Is 
written  for  the  ideal  band  filter  shown  on  Fig.  3.11c. 


Fig.  3.13.  Smoothed  "slid¬ 
ing"  average  (a)  and  Its 
transfer  function  (b).  1  - 

high-l’requency  filter;  2  - 
lcw-frequency  filter. 


Therefore  when  u-l’ig  a  real  filter  it  la  necessary  to  find  a 
certali.  equivalent  boundary  i  ^quency  which  la  defined  as  the  boundary 
frequency  of  the  equivalent  ideal  filter  whose  area  la  equal  to  the 
area  of  the  real  filter,  '"bus ,  to  find  the  equivalent  boundary 
frequency  of  the  real  filter  it  is  possible  to  write  the  formula 


/r*p*~  (!*,(/)  ?df.  (3.50 

i 

which  gives  /»•  a  for  the  filter  and  ~ 

for  the  f  1  Iter  |  <>2  I  ^ . 


ForTiiula  (3-51)  Is  then  rewritten  in  the  form 


.j  -* 
*1  *2 


(3.57) 


where 


yMa  .  .HI 


b-  Calculation  Scheme 


All  cf  the  formulas  which  were  written  above  relate  to  the  case 
of  continuous  recording,  since  in  thin  form  it  is  easier  to  manipulate 
them.  In  the  calculation  system  outlined  below  discrete  analogs  of 
these  formulas  are  presented  with  application  to  the  treatment  cf 
point  equidistant  recordings. 


Let  there  be  a  set  of  the  values  of  the  process  uq ,  where  q  *  0, 
1,  ....  n,  while  the  separation  interval  equals  At.  The  length  of 
the  recording  is  *  nAt. 


We  will  determine  the  set  of  averaging  times 


into  the  formula  for  h 


L 


l 


ll 


entering 


2  ‘ 


The  notation  h?  indicate.. 


function  h2  will  be  used  (see  formula  (3.5*0);  in  this  function  T 


that  the  transfer 
5  T,  , 


7i=2/AA  where  l  = 


n.  It  is  obvious  that  (21  +  1)  of  the 


2 


•  «  9 


initial  process  will  enter  each  time  into  averaging  with  the  given 

T..  The  maximum  averaging  time  T  ■  2mAt  should  not,  as  a  rule, 

m 

exceed  10-15?  cf  recording  time  T  ,  in  order  to  ensure  suitable 
stability  of  the  obtained  evaluations  of  the  spectrum. 

2.  The  values  of  T-,  uniquely  determine  the  set  of  frequency 
bands  for  which  the  spectrum  evaluations  will  be  obtained: 


Ip.  all  there  will  be  m  values  of  Af^. 

3.  We  will  calculate  values  of  \\  on  the  output  of  each  given 

7  2 

filter  hn  by  the  formula 


I  *  M  ]  +  COi  -f-  t 

l  V  * 

fi—  2^  u>~t  — 2 / — • 


(3.58; 


Here  l  Is  fixed  for  each  h^  (or,  which  is  the  same  thing,  for  each 
T, )  ,  while  s  runs  through  the  values  l,  1  +  1,  ...,n  -  Z.  Thus, 

L  i 

for  each  T,  we  will  obtain  n  -  21  values  of  v  -  i.e.,  with  an 

L  5 

increase  in  averaging  time  the  quantity  of  values  of  v  on  the  filter 
output  will  be  reduced. 

Values  of  v^  are  obtained  on  t hie  output  of  the  low-frequency 
filter  I  +1*^, t *.  In  order  to  obtain  values  of  the  process  on  the  output 
of  the  high-frequency  filter  {I  — |0>U*}  it  is  clearly  necessary  to 

l  ! 

calculate  the  quantities  u  -  v  . 

s  ? 

ft .  We  will  find  the  energy  of  the  initial  process  u^  in  the 
frequency  band  I  IT.  1*1 


'i~  Aw  2  k— a*. 


(3.59) 


where  f.,  is  the  Nyquist  frequency. 
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5.  We  will  calculate  the  values  of  estimates  of  the  energy 
spectrum  of  the  initial  process  uq  according  to  the  formula  (see 
formula  (3*^7)): 

W)-  (3.60) 

The  calculated  m  values  of  are  related  to  frequencies : 

r. 

J  ■  -3  • 

During  the  description  of  the  procedure  for  calculating  the 
energy  spectrum  using  mathematical  filters,  nothing  at  all  was  said 
about  substitution  of  frequencies  and  preliminary  whitening  of  the 
spectrum  of  the  real  process.  This  was  done  because  those  judgements 
relative  to  these  problems  which  were  presented  in  §  2  are  also  true 
In  the  case  of  the  application  of  mathematical  filters.  The  appro¬ 
priate  changes  in  the  calculation  scheme  outlined  above  are  easily 
accomplished  by  means  of  the  methods  outlined  in  §  2. 

The  situation  is  different  with  regard  to  the  problem  of  filtering 

out  "zero"  frequencies  (3ee  §  2,  point  d) .  Actually,  the  described 

method  makes  It  possible,  at  least  normally,  to  estimate  the  value 

jf  the  energy  spectrum  at  zero,  since  the  method  of  filters  is  limited 

from  the  low-frequency  side  by  the  value  f  •»  1/T  .  This  makes  it 

mm 

possible  to  calculate  the  spectrum  without  turning  special  attention 
to  the  behavior  of  the  process  at  low  frequencies. 

c.  Stability  of  Evaluations  of  the 
Energy  Spectrum 

Analysis  of  the  stability  of  energy  spectrum  evaluations  obtained 
by  the  filter  method  differs  In  no  way  from  the  analysis  presented  in 

§  2,  point  b.  The  stability  of  the  obtained  evaluations  will  approxi- 

2 

mately  equal  the  stability  of  the  corresponding  x  distribution  with 
t  degrees  of  freedom. 
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As  is  known,  the  equivalent  number  of  degrees  of  freedom  is 
determined  by  formula  (3.24): 

where  W  is  called  the  equivalent,  width  and  is  determined  by 

3KB 

f o rinu la  (3.21): 


1 7  </>*/]* 

- 


f  IQ,  (/•-/>  $</))**/ 


It  is  natural  to  consider  that  when  the  method  of  filters  is 
used  the  band  filter  representing  the  difference  {lO^  |*—  |®£,|*)  is  an 
analog  of  the  spectral  window  Q  (f).  Therefore  the  formula  for  W3kb 
is  rewritten  in  the  form 


jr  [[♦‘r—K+Ti*  </>'/)* 


(3-61 


It  can  be  shown  that  if  o(f)  varies  slowly  in  the  band  1/7*  • /^Jl. 


Consequently , 


i-w  2r- 


(3-62 


(3-63 


Thus,  if  the  length  of  recording  Tn  and  the  time  of  averaging 
used  to  construct  the  given  filter  {!  —  | |*}  are  known,  it  is 
possible  to  find  fe  from  formula  (3.63),  and  then  to  use  Table  3.1  to 
find  (with  given  reliability)  the  boundaries  of  stability  of  the 
spectral  evaluation. 


d.  Advantages  and  Deficiencies  of 
the  Method  of  Filters 

The  filter  method  has  no  advantages  in  principle  over  the  method 
described  in  §  2,  since  neither  method  of  calculating  permits  the 
extraction  of  information  greater  in  scope  than  that  which  is  inherent 
in  the  process  itself  (or  in  its  final  realization).  However, 
Incorrect  selection  of  the  calculation  system  can,  and  in  fact 
frequently  does,  entail  either  a  partial  loss  of  Information  or  the 
obtaining  of  evaluations  that  are  so  unstable  that  it  is  difficult 
to  work  with  them. 

The  fact  that  the  spectral  evaluation  is  obtained  without 
Intermediate  calculation  of  the  autocorrelation  function  is  a 
procedural  advantage  of  the  method  of  filters.  Besides  this,  by 
using  the  method  of  filters  the  experimenter  insures,  to  some  degree, 
that  he  will  avoid  distortions  of  the  spectrum  due  to  the  presence  of 
zero  frequencies. 

The  basic  drawback  to  the  filter  method  Is  the  nonuniform 
distribution  of  the  obtained  spectrum  evaluations  on  the  frequency 
axis.  Actually,  if  the  width  of  the  transient  function  h^  grows  in 
proportion  to  (see  Figs.  3.12  and  3-13),  the  width  of  the  transfer 

function  |®^|*  is  reduced  in  proportion  to  1/T?  -  i.e.,  noriuni  formly . 
It  is  precisely  for  this  reason  that  the  width  of  elementary  frequency 
bands  | /■J*1*,  /*•)  is  reduced  with  a  growth  in  l,  which  means  that  the 
spectral  evaluations  are  calculated  over  ever  narrower  bands  of 
frequencies.  A  direct  (and,  possibly,  most  unfavorable)  consequence 
of  this  Is  the  dependence  of  the  evaluation  stability  boundaries  on 
frequencies,  since  in  formula  (3*63)  k  depends  on  T^.  This  leads  to 
a  situation  In  which  the  first  (high-frequency)  elementary  band  [/*". 
/a"!  gives  a  very  stable  evaluation,  while  at  the  same  time  this  band 
is  extremely  wide  (hence  the  stability)  and  consequently  it  is 
Impossible  to  clarify  any  particular  features  of  the  energy  spectrum 
of  the  real  process  if  they  are  manifested  in  this  band.  On  the 
other  hand,  with  displacement  towards  the  low-frequency  side  the 
elementary  bands  become  ever  narrower  and  the  stability  boundaries 
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are  expanded.  These  deficiencies  are  not  found  In  the  method 
described  In  5  2.  There  the  evaluations  of  the  spectrum  are  actually 
distributed  uniformly  over  the  axis  of  frequencies,  while  the  quantity 
fe  is  constant  -  i.e.,  the  boundaries  of  stability  of  spectral  evalua¬ 
tions  are  constant  on  all  frequencies.  Consequently,  the  final 
selection  of  one  or  the  other  method  of  calculating  the  spectrum 
depends  on  the  particular  features  of  the  spectrum  of  the  real  process 
on  the  extent  to  which  we  are  interested  in  one  or  another  of  these 
features  and  what  degree  of  stability  of  the  obtained  evaluations  Is 
required. 


§  4.  INSTRUMENTS  FOR  STATISTICAL 
PROCESSING 


a.  Types  of  Presentation  of 
Information  of  Measurement  Result! 


Recently,  In  connection  with  the  fact  that  the  volume  of  Incoming 
Information  grows  continuously  and  that  without  the  use  of  computers 
various  types  of  statistical  processing  cannot  be  realized  operation¬ 
ally,  oscillographic  recording  methods  have  begun  to  be  supplemented 
by  the  development  of  methods  and  devices  which  accumulate  information 
on  measurement  results  in  a  form  which  is  convenient  for  direct 
.computer  input.  Such  types  of  recording  include  recording  measured 
quantities  on  magnetic  tape  in  the  form  of  an  electrical  analog  or 
a  digital  code,  and  also  recording  of  a  digital  code  on  perforated 
tape  or  punchcards.  Machine  processing  of  graphic  recordings  will 
obviously  require  conversion  of  the  graphic  recording  into  an 
electrical  analog  or  a  digital  code;  this  conversion  should  also  be 
automated . 

We  will  examine  in  more  detail  existing  forms  of  information 
presentation  during  investigations  of  atmospheric  turbulence. 

At  present  a  graphic  recording  is  the  most  widely  used.  An 
oscillogram  of  the  studied  parameter  makes  It  possible  to  obtain 
a  visual  presentation  of  the  nature  of  the  process  and  to  select  both 
the  method  of  processing  and  the  sections  of  the  recordings  to  be 
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subjected  to  treatment  of  one  sort  or  another.  Existing  multichannel 
automatic  recorders  make  It  possible  to  compare  synchronous  values 
of  a  large  number  of  simultaneously  measured  quantities.  Any  measuring 
Instrument  used  at  present  can  be  matched  to  an  automatic  recorder 
which  will  guarantee  recording  of  the  result  without  substantial 
distortions,  bow-inertia  vibrators  used  in  optical  automatic 
recorders  make  It  possible  to  record  processes  with  frequencies  up  to 
1000  Hz.  The  speed  of  the  diagram  during  recording  in  contemporary 
automatic  recorders  can  also  be  varied  within  wide  limits  -  from  0.001 
to  500  mm/s . 

As  was  already  pointed  out  above,  the  continuously  growing 
volume  of  information  and  the  need  for  machine  statistical  processing 
requires  the  use  of  other  types  of  information  recording  along  with 
oscillograms.  The  majority  of  measuring  instruments  have  an  electri¬ 
cal  output  and  the  devices  for  automatic  processing  have  an  electrical 
input.  At  the  same  time  it  is  not  always  possible  to  connect  the 
measuring  instrument  directly  with  the  processing  device.  As  a  rule, 
the  processing  equipment,  being  of  comparatively  large  3lze  and 
weight,  operates  under  stationary  conditions,  while  the  measuring 
Instrument  should  be  located  in  the  investigated  atmospheric  flow. 

Under  these  conditions  It  Is  sensible  to  use  magnetic  automatic 
recorders  for  registration  of  data. 

Although  a  recording  of  measurement  results  on  magnetic  tape 
is  not  in  itself  a  visual  display,  during  reproduction  under 
stationary  conditions  it  makes  it  possible  to  restore  the  primary 
information  in  its  analog  form.  Besides  this,  the  use  of  the  magnetic 
recording  method  makes  it  possible  to  change  the  time  scale  during 
reproduction.  Thus,  for  example,  if  a  hlgh-speeu  analog  device  is 
used  for  processing,  by  applying  a  speed  reduction  of  10:1  It  is 
possible  to  carry  out  complete  statistical  processing  of  measurements 
made  over  a  period  of  30  min  within  a  little  more  than  3  min.  How¬ 
ever,  the  magnetic  recording  method  has  its  drawbacks .  Without  the 
use  of  special  devices  it  Is  difficult  to  record  and  reproduce 
signals  of  very  low  frequency  by  means  of  a  magnetic  automatic 
recorder.  In  order  to  avoid  this  limitation  it  is  necessary  to 


Introduce  an  Intermediate  Information  carrier.  A  sequence  of  audio¬ 
frequency  pulses  is  usually  selected  as  the  intermediate  carrier; 
this  sequence  Is  modulated,  for  example,  in  terms  of  the  frequency 
of  the  analog  of  the  measured  quantity.  The  application  of  frequency- 
pulse  modulation  makes  it  possible  to  record  signals  of  very  low 
frequency  on  magnetic  tape  -  right  down  to  a  constant-component  levoJ  . 
In  this  case,  however,  the  band  of  frequencies  of  the  investigated 
process  wii.  be  limited  from  above  because  the  lowest  frequency  of 
pulse  repetition  must  be  at  least  an  order  of  magnitude  greater  than 
the  highest  frequency  in  the  process  spectrum.  The  use  of  a  magnetic 
memory  with  intermediate  frequency-pulse  modulation  was  cited  in 
S  1  of  Chapter  2  in  the  description  of  the  method  for  obtaining 
automatically  the  energy  spectrum  of  a  vertical  component  of  atmos¬ 
pheric  turbulence.  The  works  of  N.  Z.  Pinus  et  al .  (  1964)  and 
N.  K.  Vinnichenko  and  G .  N.  Shur  (  1965)  contain  descriptions  of  ar, 
experimental  multichannel  system  of  magnetic  storage  for  onboard 
recording  of  parameters  which  characterize  atmospheric  turbulence. 

The  use  of  magnetic  recording  makes  it  possible  to  apply  analog 
computers  for  processing  the  measurement  results.  However,  in  many 
cases  it  is  advisable  to  use  digital  computers  (EDO  for  processing. 

In  contemporary  digital  computers  Information  is  input  as  a 
digital  code  either  from  perforated  tape  (punchcards )  or  from 
magnetic  tape.  Therefore  during  the  experiment  it  is  necessary  to 
have  a  recorder  which  will  permit  recording  parameters  of  the  studied 
process  on  magnetic  tape  or  on  punch  tape  as  a  digital  code.  The 
basic  unit  of  such  a  recorder  is  the  analog-ocde  converter,  which 
converts  the  analog  of  the  studied  quantity  into  a  binary  or  binary- 
decimal  code.  An  experimental  multichannel  aircraft  device  for 
recording  parameters  measured  during  studies  of  aircraft  turbulence 
in  the  form  of  a  digital  code  on  magnetic  tape  is  described  in  the 
works  by  N.  Z.  Pinus  et  al.  (1964)  and  V.  I.  Chernysh  (1965). 

b.  Qraph-Anaiog-Code  Conversion 

The  application  of  analog  and  digital  computers  for  processing 
experimental  data  requires  that  measurement  results  be  presented  in  a 


131 


form  which  is  suitable  Tor  computer  Input.  Since  graphic  recordings 
cannot  be  input  directly  Into  electronic  computers,  there  la  a  need 
lor  devices  to  convert  these  recordings  into  an  electrical  analog  or 
Into  a  digital  code. 

The  work  by  N.  K.  Vinnichenko  and  <1.  N.  Shun  (lU'y))  contains  a 
description  of  the  simplest  semiautomatic  device  for  conversion  of  a 
graphic  recording  Into  an  electrical  analog.  Oscillographic  tape 
carrying  the  recording  travels  at  a  constant  speed,  while  the  operator’ 
tracking  the  path  of  the  curve,  matches  an  index  to  it.  The  index 
is  kinematically  connected  with  the  moving  arm  or  a  potentiometer 
from  whose  output  the  electrical  analog  of  the  recorded  process  is 
taken.  In  the  EA3P-3  electronic  analyzer  developed  by  the  Vil'nyus 
plant  "Schetmash"  the  role  of  the  operator'  Is  filled  by  a  television 
monitor.  This  permits  a  substantial  increase  in  the  oscillograph 
tape  speed  and  eliminates  subjective  operator  errors.  The  main 
drawback  of  existing  television  reading  system:'  is  the  impossibility 
of  treating  oscillograms  with  intersect ing  curves. 

Conversion  of  a  graphic  recording  into  digital  code,  as  a  rule, 

Is  included  an  intermediate  stage  of  the  transition  from  a  graph  to 
an  electrical  analog.  This  first  stage  car.  be  realised  by  one  of 
che  methods  discussed  above.  The  analog-code  conversion  is  usually 
based  on  discrete  counting  of  time  segments ,  which  is  required  for 
the  linearly  growing  voltage  developed  1  r.  the  converter  unit  to 
achieve  a  value  equal  to  the  magnitude  of  the  analog  voltage.  The 
magnitude  of  this  time  segment  1  s  determined  fro::;  the  quantity  cf 
high-frequency  pulses  (frequency  Is  determined  by  the  required 
accuracy  of  conversion)  arriving  in  a  system  of  binary  counters  from 
the  moment  when  the  auxiliary  generator  of  the  growing  voltage  is 
switched  on  up  to  the  moment  when  this  voltage  coincides  with  the 
voltage  which  is  an  analog,  of  the  converted  signal.  In  the  work  by 
V.  I.  Chernish  ( 1965)  there  ’ a  description  of  an  experimental 
aircraft  four-channel  anal og-ende  convert or  bused  on  semiconductors; 
the  work  includes  its  schematic  diagram  and  gi  vu:  at  accuracy  analysis 
It  must  be  noted  that  although  at  present  there  are  many  experimental 
devices  of  various  typer  for  accompl  Irhlng  the  graph-ana  log-code 
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inversion,  they  are  either  excessively  large  and  unreliable  or  are 
not  Intended  for  Investigation  of  atmospheric  turbulence. 

c.  Analog  Devices  for  Automatic 
Statistical  Processing 

Corrclomet.ers .  Analog  devices  for  computing  the  autocorrelation 
(or  correlation)  function  are  so  constructed  as  tc  real ‘.zc  the 
operations  described  by  the  formula  (see  formula  (33 .7)  [ole) 

I  r~f" 

■fz.y,]*  j  u(f).u(l  +  x)dt, 

where  u(t)  is  the  studied  random  process;  T  lr.  the  length  of  the 
recording;  t  is  the  time  shift. 

This  formula  can  be  used  to  construct  the  functional  diagram 
of  a  correlometer  which  is  shown  on  Pig.  3.  111.  Voltage  u,  which  is 
an  electrical  analog  of  the  studied  process  u(t),  arrives  at  the 
input  of  the  high-frequency  filter,  which  filters  out  null  frequencies 
from  the  process  (if  any  are  present).  Voltage  u,  containing  only 
the  frequencies  of  interest  to  the  experimenter,  passes  from  the 
output  of  the  filter  to  the  input  of  a  multiplication  block  with  two 
channels  -  a  direct  channel  and  one  through  a  controllable  delay 
device  which  accomplishes  a  shift  of  voltage  u(t)  by  time  t  ■  t^. 

Thus,  voltages  equal  to  u(t)  (channel  I)  and  u(t  +  x.)  (channel  II) 
enter  the  input  of  the  multiplication  block.  A  voltage  proportional 
to  u(t)u(t  +  t -^ )  appears  on  the  output  of  the  multiplier;  this 
voltage  proceeds  to  an  Integrator  which  has  an  integration  time 
greater  than  recording  length  T.  Finally,  a  voltage  proportional  to 
J u(t)u{t+n)dt  from  the  Integrator  output  is  multiplied  in  a  scale  unit 
by  the  coefficient  1/(7*  —  I Tj I )  ;  a  voltage  proportional  to  the  value  of 
the  experimental  autocorrelation  function  Rn„(x,)  appears,  on  the 
output  of  the  device  as  a  whole.  Then  the  delay  unit  is  retuned  to 
a  new  shift  time  x  =  x.,  and  the  entire  operation  is  repeated  to 
calculate  Finally  we  obtain  a  set  of  values  Rqq(t)  for 

t  *  0,  x  ^ ,  T-,,  ...,  r  ,  where  xm  Is  the  maximum  shift  lr.  time  ar.d 
ordinarily  does  not  exceed  5-102  of  the  recording  length  T. 


Fig.  3.1*1.  FuiuHlcnal  diagram  <>f  eor-relom- 
t.'ter.  1  -  low-frequency  filter;  ,1  -  delay 
unit;  J  -  multiplier;  4  -  integrator ;  3  - 
a calc  unit. 

KMY:  (1)  Analog;. 

From  the  above-  description  of  com-  iornel  cm-  operation  It  dourly 
follows;  that  the  tirno  required  to  obtain  a  single  value  of  the 
autocorrelation  function  is  virtually  equal  to  the  time  of  experiment 
T  ( cons  idering,  that  T  -rm»T).  This  means  that,  for  example,  to 
obtain  ten  values  of  k{j(,(t)  from  an  experimental  recording,  10  min 
in. length  it  is  necessary  to  spand  almost  2  h.  Therefore  the  analog 
voltage  should  usually  be  entered  into  the  corrclometer  input  with  a 
speed  several  times  greater  than  the  speed  of  the  recording  during 
the  actual  experiment.  The  use  of  magnetic  automatic  recorders  does 
perin.lt  such  a  time  reduction. 

When  speaking  of  specific  cm-rc lcmeter  circuits  it  is  .necessary 
to  note  the  following.  Analog  computers  which  carry  out  filtration, 
multiplication,  integral 1  on ,  ana  coef flcicnt  input  operations  are 
well  known  and  widely  used  in  analog  units  for  various  purposes 
(Kazakov,  1 9 6 5 )  .  It  is  only  the  delay  unit  which  is  specific  for 
correloneters .  The  development  of  correlometer  delay  units  suitable 
for  treating  processes  which  characterize  atmospheric  turbulence  is, 
as  a  rule,  tied  to  a  need  for  ensuring,  extremely  targe  time  delays 
(up  to  several  tens  of  seconds).  Such  delays  cannot  ordinarily  be 
accomplished  reliably  by  mean.;  of  purely  radio  equipment. 

A  unique  and  promising  method  for  obtalnJ  r.r,  large  time  delays 
is  that  used  lr,  the  EASi'-b  corrclometer  from  the  VlL’nyus  plant 
"Schetmash”  (Fig.  3.11).  Analog  voltage  u(t)  in  recorded  synchronously 
or.  two  tracks  of  the  magnetic  tape  by  mean;;  of  roc  truing  heads  ZT  and 
Z 1 1 .  Then  the  recording  head  of  the  first  track,  FI,  1.;  shifted  over 
the  vernier  by  a  certain  distance  A l  from  its  initial  position.  During 
reproduction  the  analog  voltage  taken  from  reading  heads  hi  and 
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Fig.  3-15-  Delay  device  using  u  magnetic 
memory.  1  -  multiplier  unit. 


BII  Is  passed  to  the  multiplier  unit  and  simultaneously  to  recording 
heads  ZI  and  ZII.  Thus  there  is  re-recording  over  both  tracks 
(erasing  heads  Cl  and  CII  ensure  erasing  of  the  preceding  recording). 

In  this  . case,  however,  the  relative  positions  of  the  recordings  or. 
tracks  1  and  II  is  changed  and  in  fact  recording  I  is  shifted  with 

respect  to  recording  II  by  the  time  r=— — .  where  v  is  the  magnetic 

v 

tape  speed.  By  repeating  the  re-recording  process  in  times  it  is 
possible  to  obtain  a  shift  equal  to  mx .  Using  relatively  small 
displacements  of  head  the  ZI  (up  to  ;J0  run) ,  with  this  method  it  is 
possible  to  achieve  a  substantial  shift  in  time,  such  as  is  frequently 
necessary  during  calculation  of  autocorrelation  functions. 

d.  Spectrometers 

As  a  rule  the  autocorrelation  functions  which  arc  obtained  by 
means  cf  analog  computers  are  not  used  to  calculate  spectral  densities, 
since  this  is  connected  with  the  problem  of  converting  the  autocorre¬ 
lation  function  into  an  analog  voltage  and  its  input  into  some  new 
unit.  Usually  energy  spectra  are  calculated  directly  by  means  of 
analog  devices  called  spectrometers. 

Analog  devices  for  calculating  the  energy  spectrum  (spectrometers) 
are  usually  constructed  by  the  filter  method  (see  Chapter  3,  §  3). 
Figure  3.16  shows  the  functional  diagram  of  a  spectrometer  with  one 
filter;  the  operating  principle  of  the  device  cun  be  clarified  on 
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Fin •  3.16.  Functional  diagram  >>(' 
a  spectrometer. 

KEY:  (1)  Analog;  (2)  Band  filter; 

(3)  Watt-second  counter. 

till:;  diagram.  Let  voltage  u  be  nn  electrical  analog  of  the  random 
p  roc  oar.  u(t),  whose  spectrum  JJ  ( f )  must  be  found.  If  fill:;  voltage  I 
passed  through  an  electrical  filter  possessing  the  transfer  function 
0(f),  voltage  v(t)  appear:;  on  the  filter  output;  the  spectrum  of  thl 
voltage,  S  (f),  is  connected  with  the  spectrum  of  the  initial  proses 
u(t)  by  the  relationship 

S,  (/)  H*  <S)?SU</). 

I1‘  recording  time  equals  T,  the  watt-second  counter  standing  at 
the  filter  output  and  accomplishing  square  detection  and  Integration 

t 

operations  will  record  a  quantity  equal  to  !\v(l)]1dr,  this  quantity  is 

0 

connected  with  the  spectrum  of  the  initial  process,  S^tf),  by  the 
relationship 

r  <>u  «o 

4-  -r  f  \v ■  f  sv(JW  ■  '>>(/) ?sm if)df. 

i  nr  1  ,r 


A::  a  rule,  in  real  spectrometers  hand  f  J  Iters  with  transfer 
functions  <t>(f)  concentrated  In  a  certain  frequency  band  f  f ,  ,  f  _  ]  are 
used  (see  Fig.  3 . i ) .  In  this  case  the  value  of  spectral  density  of 
the  Initial  process  u(t)  on  the  frequency  /*  —  will  equal 
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To  obtain  the  entire  spectrum  of  the  studied  process  in  a 
certain  frequency  band  it  is  necessary,  obviously,  either  to  retune 
the  characteristic  of  the  filter  shown  on  Fig.  3.0  or  to  use  a 
set  of  such  filters,  arranged  in  a  certain  way  along  the  axis  of 
frequencies.  In  the  first  case  the  spectral  analysis  is  called 
successive,  since  the  values  of  spectral  density  are  obtained 
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successively,  one  after  unother,  as  the  filter  characteristic  is 
adjusted.  In  the  second  case  the  spectral  analysis  Is  called 
parallel,  since  the  values  of  spectral  density  are  obtained  simul¬ 
taneously  on  the  outputs  of  all  filters.  During  investigation  of 

•  the  parameters  which  characterize  atmospheric  turbulence  parallel- 
analysis  spectrometers  are  most  frequently  used.  The  fact  is  that 
successive  analysis  naturally  requires  mure  time  than  the  parallel 

•  process.  Any  Increase  In  analysis  time  Is  extremely  under,  i.rab  le, 
since  atmospheric  turbulence  is  not  a  stationary  random  process  in 
the  strict  definition  of  this  concept  (see  Chapter  1). 

The  work  by  N.  K.  Vinnichenko  and  0.  N.  Shur  ( 1 9 6 U  >  contains  a 
description  of  an  industrial  spectrometer  for  parallel  analysis  which 
uses  the  overload  method  (See  Chapter  2 ,  5  .1)  to  obtain  the  spectra 
of  vertical  wind  gusts.  Tills  instrument,  called  a  subsonic-frequency 
spectrometer,  consists  of  2?  three-octavo  filters  which  continuously 
intersect  a  frequency  hand  of  1  to  12b  I!;',  (octave  is  a  term  applied 
to  the  band  of  frequencies  in  which  the  .highest  frequency  has  a  ratio 
of  2:1  to  the  lowest).  The  use  of  magnetic  recording  makes  it  possible 
uo  investigate  energy  spectra  right  down  to  0.1  liz  by  applying  an 
analog  voltage  to  the  spectrometer  Input  with  increased  speed. 

L.  P.  Tsvang  (1962)  developed  a  parallel-analysis  aircraft  spectrom¬ 
eter  in  which  half-octave  filters  cover  a  frequency  band  from  0.001 
to  ICO  Hz.  This  Instrument  makes  It  possible  to  obtain  energy 
spectra  directly  on  board  the  aircraft. 

Tn  conclusion  wc  should  pause  briefly  or,  the  analysis  of  the 
accuracy  of  results,  obtained  with  spectrometers .  This  analysis,  as 
in  55  1-3,  will  be  based  on  calculation  of  the  number  of  degrees  of 
freedom  %  of  the  corresponding  distribution.  The  number  of  degrees 
of  freedom  is  determined  by  formula 

A 

where  T  in.  the  recording  length  and  V  u  is  the  equivalent  width, 
determined  by  formula  (3.21). 
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It  can  be  shown  (aec  (;J,.6l))  that  when  a  band  filter  with 
transfer  function  <J>(f)  is  used  the  equivalent  width  W  is  determined 

n  3KB 

by  the  relationship 

-  Lv - L-  (  3  •  6  'I ) 

f  I  I®  (/>  lJ  •  s  (/)]'<</ 
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In  the  case  when  ttie  spectrum  of  the  initial  process  changes 
little  in  the  frequency  band  [f^,  r^j,  which  determines  the  filter 
position,  W  can  be  considered  equal  to  the  equivalent  width 
{♦(£*)  |  ** .  Finally,  to  determine  the  number  of  degrees  of  freedom  it 
is  possible  to  use  the  formula 

A-2A/71 

where  Af  is  the  filter  width. 

Having  determined  k  from  this  formula,  one  should  use  Table  3-1 
and  find,  with  the  assigned  reliability,  the  stability  of  the  obtained 
energy  spectrum  evaluations.  When  the  filter  width  equals  a  half 
octave  the  calculation  of  stability  in  particularly  clear,  since  in 
this  case  the  number  of  degrees  of  freedom  simply  equals  the  number 
of  half-period?,  of  the  investigated  frequency  in  the  recording  of 
the  'rocess  .  Actually,  in  tills  ease 


where  7V  —  j-  is  the  period  of  the  investigated  frequency  f.  Thus, 

for  example,  to  obtain  evaluations  of  the  magnitude  of  the  energy 
spectrum  with  an  accuracy  of  +30X  and  a  reliability  of  80*  it  is 
necessary  to  have  at  least-  40  complete  periods  of  the  investigated 
frequency  in  the  experimental  recording.  For  the  frequency  f  =  0.1  Hz 
this  corresponds  to  a  recording  length  of  approximately  7  min. 
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The  above  analysis  indicates  the  inadvisability  of  using 
.‘•pectrometors  with  very  narrow  filters.  The  apparent  advantage  of 
the  filters  is  usually  wiped  out  by  the  practical  impossibility  of 
obtaining  extremely  long  experimental  recordings  and,  as  a  rule, 
leads  to  the  obtaining  of  very  unstable  evaluations  of  the  energy 
•spectrum . -  ... 
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CHAPTER  H 


SPECTRAL  STRUCTURE  OF  THE  TURBULENCE 
FIELD 


§  1.  SPECTRAL  CHARACTERISTICS  OF 
TURBULENCE  AT  LOW  ALTITUDES 

In  a  number  of  cases  turbulence  in  the  middle  and  upper  tropo¬ 
sphere  is  determined  by  the  influence  of  the  underlying  surface  and 
also  by  the  dynamics  and  thermodynamics  of  the  planetary  boundary 
layer.  Therefore  it  is  advisable  to  introduce  some  results  of 
investigations  of  turbulence  at  low  altitudes. 

a.  Spectral  Characteristics  of 
Pulsations  In  the  Horizontal  Wind 
Velocity  Component 

At  present  the  largest  quantity  of  available  experimental  data 
for  low  altitudes  are  concerned  with  pulsations  of  the  longitudinal 
horizontal  wind  velocity  component. 

The  experimental  autocorrelation  functions  obtained  by  a  number 
of  investigators  have,  as  a  rule,  an  exponential  or  exponential- 
oscillatory  character.  The  latter  indicates  that  wind  velocity 
pulsations  at  altitudes  are  apparently  made  up  of  pulsations  of  a 
turbulent  character  and  periodic  oscillations.  As  a  result  of  this, 
"bursts"  connected  with  the  effect  of  wave  perturbations  are  frequently 
observed  on  experimental  functions  of  spectral  density. 
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The  studies  by  N.  Z.  Pinun  and  L.  V.  Shcherbakova  (1966)  showed 
that  in  the  lower  half  of  the  troposphere  the  spectra  of  pulsations 
of  the  longitudinal  wind  velocity  component  depend  on  the  thermal 
stratification  of  the  atmosphere  and  on  the  nature  of  the  boundaries 
between  turbulized  layers  of  the  atmosphere.  The  functions  of 
spectral  density  in  logarithmic  coordinates  are  linear  ••  l.e.,  they 
are  described  by  a  power  law. 

The  dependence  of  the  energy  spectra  of  the  horizontal  wind- 
velocity  component  pulsations  on  thermal  and  wind  stratification  ol' 
the  atmosphere  is  shown  on  typical  examples  presented  in  Figs.  4.1  and 
4.2. 
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Fig.  4.1.  Typical  curves  of  the  spectral 
density  of  pulsations  in  the  horizontal  wind- 
velocity  component. 

KEY:  (1)  S( ft) (m/s)2/rad/m;  (2)  rad/m. 

Curve  1  on  Fig.  4.1  characterizes  the  dependence  of  S(ft)  on  ft 
for  an  altitude  of  500  in  above  the  ground  level  with  indifferent 
thermal  stratification  and  a  very  small  gradient  of  average  wind  speed. 
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Pig.  *J.2.  Typical  curves  of  spectral  density  of 
pulsations  in  the  horizontal  wind-velocity  component. 

KEY:  (1)  S(fi) (m/s )2/rad/m;  (2)  rad/m. 

As  we  see,  for  scales  ranging  from  several  hundreds  to  several  tens 
of  meters  the  exponent  at  51  equals  -1.67,  i.e.,  it  equals  the 
theoretical  value  for  the  inertial  interval. 

Curve  2  on  this  figure  characterizes  S(ft)  for  an  altitude  of 
10  m,  where  the  vertical  temperature  gradient  in  the  lower  100-meter 
layer  of  the  atmosphere  was  3uperadlabatic  and  the  vertical 
gradient  of  average  windspeed  was  close  to  zero.  As  we  see, 
the  left  (low-frequency)  and  right  (high-frequency)  portions  of  the 
curve  of  S(fl)  correspond  to  the  "minus  5/3"  law.  However,  the  right 
side  of  this  curve  falls  in  the  region  of  higher  values  of  spectral 
density . 

Curve  1  on  Fig.  t.2  characterizes  the  function  S(S2)  for  an 
altitude  of  1000  ra  under  conditions  of  stable  thermal  stratification 
and  a  small  vertical  wind-velocity  gradient.  As  we  see,  this  curve 
car.  be  approximated  by  two  rectilinear  segments  described  by  the 
power  law.  Up  to  scales  approximately  equal  to  3C0  m,  the  modulus  of 
the  exponent  equals  2.83,  while  for  small  scales  it  corresponds  to 
the  "minus  5/3"  law. 


Curve  2  on  Fig.  <1.2  characterizes  S(N)  at  an  altitude  of  80  m 
during  very  stabile  thermal  stratification  and  a  significant  vertical 
gradient  of  average  wind  speed.  At  scales  from  several  hundred 
meters  down  to  approximately  150  m  there  are  bursts  on  the  curve  of 
S(fr);  these  are  apparently  connected  with  the  influence  of  ohort- 
perlod  oscillations  in  windspeed  caused  by  the  high  value  of  the 
vertical  gradient  of  average  windspeed  In  the  stably  stratified 
atmosphere . 

We  will  turn  to  a  theoretical  explanation  of  the  physical  nature 
of  the  described  spectra  somewhat  later  (see  §  3)«  We  will  note  that 
for  conditions  of  a  stable  atmospheric  state  the  exponent  can  vary  in 
broad  limits.  This  is  clear  from  the  data  presented  in  Table  JJ.l. 


Table  ^.1.  Dependence  of  the  exponent  n  at 
on  altitude. 


(0 

Btfton,  m 

cnrkTpua 

]*,  ICO  u 

'  IUU  » 

MtltlMl  M 

• 

400-700 

9 

0,65 

I.M 

2,0  -2.9 

2.43 

700-1200 

17 

0,81 

0.78 

2,0— 3,6 

2,50 

1200-  1700 

e 

0,76 

0,86 

2.2 — 3,5 

2.83 

1700-2500 

s 

0  .Mi 

0.45 

2,70 

2500-3500 

l 

_ 

3,8 

3500- -4500 

9 

0,72 

M3 

2,7— 3,5 

3,10 

KEY:  (1)  Altitude,  m;  (2)  Number  of  spectra; 

(3)  S(m/s)/100  m;  (*0  Range  of  n  values. 

On  the  average  the  quantity  n  grows  with  altitude.  This  compli¬ 
cates  obtaining  averaged  spectra,  which  might  be  regarded  as  standards 
for  different  applied  problems. 

Since  on  the  average  the  troposphere  is  stably  thermally  strati¬ 
fied,  the  average  spectra  should  be  close  in  shape  to  the  spectrum 
represented  by  curve  1  on  Fig.  A. 2.  Considering  that  the  stability 
of  a  thermally  stratified  atmosphere  will,  on  the  average,  grow  with 
altitude,  it  is  possible  to  expect  an  increase  in  n  for  the  region 
of  scales  exceeding  several  hundreds  of  meters. 

Figure  *1 . 3  shows  averaged  spectra  for  various  altitudes  in  the 
lower  half  of  the  troposphere .  As  is  evident  from  this  figure,  the 
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steepness  of  the  curve  of  spectral  density  grows  with  altitude  -  i.e. 
the  modulus  of  the  exponent  an  a  function  of  S(Q)~G-»  grows  with 
altitude . 


Fig.  4.3.  Averaged  spectra  of 
pulsations  of  the  horizontal 
wind-velocity  component  for 
different  altitudes  in  the 
troposphere.  1)  500  m,  2) 

1000  m,  3)  2000  m,  4)  3500  m. 

KEY:  (1)  3(n)(m/s)2/rad/m;  (2) 

rad/m. 


b.  Spectral  Characteristics  of 
Pulsations  In  the  Vertical  Wind- 
Velocity  Component 


The  distance  from  the  earth's  surface  has  an  essential  influence 
on  pulsations  in  the  vertical  component  of  wind  velocity.  In  particu¬ 
lar,  the  limiting  scale  of  these  pulsations  -  the  so-called  turbulence 
scale  -  is  bounded  by  this  distance.  Therefore  the  curve  of  the 
distribution  of  turbulent  energy  over  the  spectrum  should  have  a 
maximum  at  a  frequency  corresponding  to  the  limiting  distance.  Other 


conditions  being  equal,  it3  position  should  shift  with  altitude 
Into  the  region  of  greater  scales  (lower  frequencies).  We  will  note 
that  Archimedean  forces  should  have  a  stronger  influence  on  pulsations 
of  the  vertical  component  of  wind  velocity  than  on  pulsations  of  the 
horizontal  wind  speed. 


ij 
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S.  L.  Zubkovskiy  (1963)  studied  the  spectral  characteristics  of 
pulsations  in  the  vertical  wind-velocity  component;  these  pulsations 
were  measured  by  means  of  an  acoustic  anemometer  installed  on  an 
IL-14  aircraft.  Flights  were  carried  out  by  day  over  level  terrain 
under  conditions  of  strong  thermal  convection.  Spectra  were  constructed 
for  altitudes  of  50,  100,  200,  500,  1000,  and  2000  m.  It  was  found 
that  for  perturbation  scales  ranging  from  ID2  to  104  cm  these  spectra 
agree  satisfactorily  with  the  Kolmogorov-Obakhov  "minus  ,5/3"  law. 

Table  4.2  presents  averaged  characteristics  of  these  spectra. 


Table  4.2.  The  exponent  n  and  the 
spectral  density  for  the  wave  number 
,-3  „„-l 
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KE1  :  (l)  Altitude  H,  m;  (2)  h umber  of 
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spectra;  (3)  cm  /s  . 

A  tendency  to  a  reduction  in  S(S2)  with  altitude  is  noticeable, 
especially  above  500-1000  m,  where  conditions  cf  pure  convection 
were  apparently  strongly  disturbed  during  the  period  of  the  flight 
experiments . 

Similar  results  for  the  above-indicated  turbulent  scale  regions 
■were  obtained  by  P.  A.  Vorontsov  and  ri.  A.  German  (2964  ),  who  carried 
out  measurements  or.  a  PO-2  aircraft  equipped  with  an  accolerograph . 
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We  should  point  out  the  very  interesting  studies  carried  out  by 
K.  B.  Notess  (  1957).  These  studies  measured  all  three  components  of 
wind-velocity  pulsations.  The  spectra  in  the  region  of  scales  from 
2C-30  to  400  m  are  approximated  well  by  the  "minus  5/3"  law.  However, 
the  dispersions  in  pulsations  u',  v',  and  w'  turned  out  to  be 
different . 

The  article  by  B.  M.  Koorov  (1965)  presented  data  on  the 
spectra  of  the  pulsations  in  the  vertical-wind  velocity  component 
obtained  for  the  scale  region  ranging  from  a  few  meters  up  to  2-3  km. 
The  spectra  were  measured  at  altitudes  of  50,  100,  200,  500,  1000, 
and  2000  m  during  the  day  with  developed  convection  above  level 
terrain.  The  measurements  were  made  on  an  IL-14  aircraft  with  an 
acoustic  anemometer.  Figure  4.4  shows  the  spectra  which  were  obtained 
in  experiments  carried  out  from  1106  hours  to  1417  hours  on  31  August 
1963*  .As  we  see,  up  to  an  altitude  of  approximately  1000  m  the 
spectra  are  in  good  agreement  with  the  "minus  5/3"  law.  At  higher 
altitudes,  where  the  atmosphere  was  stacly  stratified,  the  tangent 
to  the  slope  of  the  spectrum  constructed  in  logarithmic  coordinates 
for  perturbation  scales  exceeding  100-200  m  is  greater  than  5/3 
(in  absolute  value). 

A.  Burns  (1964)  published  data  on  the  spectra  of  pulsations  in 
the  vertical  wind-velocity  component  measured  on  a  "Canberra" 
aircraft  during  flights  at  low  altitudes  over  different  surfaces  in 
England  and  North.  Africa.  Velocity  pulsations  were  measured  with  an 
anemocl inometer ,  supported  on  a  rod  ahead  of  the  aircraft  nose.  The 
pulsation  spectrum  covered  scales  of  pulsations  ranging  approximately 
from  15  to  2500  m.  Certain  characteristics  of  these  spectra  are 
given  ir.  Table  4.3. 

From  Table  4.3  it  is  clear  that  the  values  of  the  modulus  of 
the  exponent  n  have  comparatively  great  scatter,  especially  at 
altitudes  of  60-150  m,  but  on  the  average  the  values  of  n  are  close 
to  5/3 • 


Unfortunately,  there  are  very  few  data  at  present  on  the 
spectral  density  for  scales  of  turbulence  exceeding  2.  5-3.0  Km.  This 
Is  connected  with  the  fact  that  obtaining  reliable  data  on  the 
spectral  density  of  pulsations  lr.  the  vertical  wind-velocity  component 
on  such  large  scales  requires  measurements  over  a  horizontal  flight 
segment  no  less  than  90-100  km  In  extent.  At  the  same  time  the 
horizontal  extent  of  turbulent  zones  is,  as  a  rule,  less  than  100  km. 
besides  this,  It  is  difficult  tc  assume  that  conditions  of  at  least 
relative  uniformity  for  which  calculations  of  spectral  density  would 
be  meaningful  could  be  retained  over  a  segment  of  such  length. 

The  results  of  studies  of  the  influence  of  the  nature  of  the 
underlying  surface  on  the  spectrum  are  of  definite  interest.  According 
to  the  experimental  data  of  Burns  (196*0,  spectral  density  is  greater 
over  the  entire  range  of  scales  above  hilly  terrain  than  it  is  above 
a  smooth  surface.  This  difference  grows  with  an  increase  in  the 
scale  of  perturbations,  beginning  with  scales  approximately  on  the 
order  of  100  m. 

Spectra  which  he  obtained  during  flights  with  and  against  the 
flow  (wind)  differ  little  from  one  another.  This  difference  is 
particularly  small  if  the  groundspeed,  and  not  the  airspeed,  of  the 
aircraft  is  used  for  transition  from  time  spectra  to  spatial  spectra. 
This  indicates  that  at  low  altitudes  S(fi)  for'  the  vertica'  sonent 
of  wind  velocity  depends  on  the  distance  between  orograph.L 
Inhomogeneities.  The  spectra  obtained  by  Burns  during  flight  across 
the  flow  differ  from  those  obtained  during  flights  either  with  or 
counter  tc  the  flow.  This  difference  is  manifested  particularly 
sharply  in  regions  of  small  turbulence  scales. 

Not  only  turbulence  intensity,  but  also  the  determined  power 
and  nature  of  the  spectrum  change  with  altitude.  In  particular, 
under  conditions  of  indifferent  or  unstable  stratification  and  small 
vertical  gradients  of  average  wind  velocity,  the  spectral  density  of 
comparatively  large  scales  of  perturbations  grows  with  altitude, 
while  the  spectral  density  of  small  scales  of  perturbations,  on  the 
contrary,  diminishes.  Intersection  of  curves  of  B(fl)  for  different 
altitudes  occurs  at  scales  or.  the  order  of  600  m. 
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c.  Relationship  Between  Spectra  of 
Pulsations  of  the  Vertical  and 
Horizontal  Components  of  Wind 
Velocity 

As  experimental  investigations  show,  the  magnitudes  of  the 
vertical  and  longitudinal  components  of  velocity  pulsations  depend  on 
the  altitude  above  the  surface  of  the  earth  and  on  the  thermal  arid 
wind  stratification  of  the  atmosphere.  Therefore  they  are  subject  to 
diurnal  and  annual  variations.  Table  ^.4  gives  experimental  data 
obtained  by  P.  A.  Vorontsov  (19t6)  which  characterize  this  dependence 
for  pulsations  in  the  longitudinal  arid  vertical  components  of  wind 
velocity.  He  obtained  these  data  over  level  terrain  in  the  middle 
latitudes. 

From  Table  ^.4  it  la  clear  that  In  the  summer  and  in  the  daylight 
hours,  independently  of  the  reason,  the  mean  square  values  of 
pulsations  in  the  wind-velocity  components  o,;  and  c>u  are  greater 
than  these  characteristics  for'  pulsations  of  the  wind-velocity 
component  in  the  winter  and  in  the  evening  and  night  hours.  Besides 
this,  in  the  100-meter  atmospheric  layer  next  to  the  ground  the 
quantity  grows  in  the  warm  season,  while  grows  over  the  course 
of  the  entire  year;  at  high  altitudes,  on  the  other  hand,  they 
diminish  with  altitude.  The  diurnal  amplitudes  of  ow  and  0u  vary 
similarly  with  altitude.  In  the  cold  season  in  the  entire  layer, 
not  only  the  values  of  c.,  but  also  their  diurnal  amplitudes,  diminish 

U 

with  altitude  (Table  t.5). 

Table  4 .  d  also  giver,  the  magnitude  of  the  ratio  o  /o,  .  From 
this  table,  which  includes  data  ori  pulsations  In  wind  velocity 
without  distinction  of  tne  magnitude  of  the  vertical  gradient  of 
average  wind  velocity,  it  in  evident  that  even  with  an  indifferent 
or  thermally  unstable  state  of  the;  atmosphere  '  :.o  dispersion  of 
pulsations  of  the  vertical  wind-velocity  component  is,  on  the  average, 
less  than  that  of  pulsations  of  the  longitudinal  component.  The 
anisotropy  of  pulsations  of  the  wind  velocity  component  Is  expressed 
particularly  sharply  in  the  winter,  and  also  In  the  evening  and  night 
hours  during  the  summer,  when  temperature  inversions  with,  comparative] 
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Table  4.4.  Characteristics  of  pulsations  In 
horizontal  (u')  and  vertical  (w')  components 
of  wind  velocity . 
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Table  4.5.  Diurnal  amplitudes  of  0  and  0  , 
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small  vertical  gradient.*:  of  average  wind  velocity  are  observed  very 
frequently  In  the  considered  layer  of  the  atmosphere,  While  the 
quantity  °w/°u  comprises  an  average  0.72-0. ‘ft  at  noon  in  the  summer 
and  0.30-0.36  at  midnight  .In  the  summer,  In  the  winter  the  values  for 
these  times  of  day  are,  respectively,  0.31-0.52  and  0 .  ?.<)-'■> .  i?. . 

One  must  bear  In  mind  that  with,  weak  winds  and  small  vertical 
gradients  of  average  wind  velocity,  when  mud '.  t e-r.s  of  free  convert  l  na 

can  exist,  the  sign  and  magnitude  of  the  ratio  o  /o  differ 
substantially  from  the  average  characteristics  presented  in  Table  fi  .  ;i , 

Investigations  by  E.  M.  Koprov  (l(.)6-_>)  showed  that  in  the  summer¬ 
time  in  the  bottom  layer  of  the  atmosphere  over'  level  terrain  and  iri 
cloudless  weather  the  Inflow  cf  energy  of  turbulence  Is  accomplished 
mainly  due  to  the  inflow  from  energy  of  average  motion.  Thus,  for 
example,  at  a  height  of  about  a  meter  the  Inflow  of  energy  from 

average  motion  (—  ^  u'w'  )  1  s  one  or  two  orders,  greater  than  the 

Inflow  of  energy  due  to  the  work  of  forces  of  buoyancy  ( y- u/T' ) .  At  a 

height  of  about  50  m  the  energy  inflows  arc  level  and  at  higher 
altitudes  the  inflow  of  energy  due  to  the  work  of  buoyancy  forces 
substa. itially exceeds  that  from  average  motion.  Generally,  the  free- 
convection  regime  is  realised  in  the  daylight  hours  In  the  50-200  m 

layer.  According  to  Koprov's  Guta,  this  regime  is  not  observed  lr, 

pure  form  at  high  altitudes..  in  particular1,  this  is  expressed  in 
the  fact  that  the  decrease  in  the  inflow  cf  energy  due  to  the  work 
of  buoyancy  forces  with  altitude  occurs  substantially  more  rapidly 
than  the  decrease  lri  the  rate  of  dissipation  of  turbulent  energy  wi  th 
altitude.  Kcprcv  considers  that  the  growth  in  the  role  of  vertical 
diffusion  flows  of  energy  of  turbulence  with,  altitude  is  the  reason 
for  this  phenomenon . 

We  will  examine  in  more  detail  the  relation:;!', ip  between  o,,  and 

w 

o,.  with  consideration  of  certain  .special  features  of'  the  function  of 
spectral  density  for  pulsations  of  the  vertical  and  lar.,-1  luuir.al 
components  of  wind  velocity.  As  was  stated  above,  w  1  nd-ve.l  re  !  ty 
pulsation  spectra  depend  on  the  nature  cf  tr.o  thermal  strut !  ;'i  cutJor. 


of  the  atmosphere,  but  spectra  of  pulsations  of  the  vertical  component 

of  wind  velocity  at  low  altitudes  also  depend  on  the  distance  above 

the  surface  of  the  earth.  With  an  Increase  In  distance  from  the 

surface  the  observed  break  in  the  curve  of  S(fl)  for  pulsations  of  the 

vertical  wind-velocity  component,  constructed  in  logarithmic 

coordinates,  Is  shifted  into  the  region  of  larger  scales  (smaller  n) , 

as  J.s  clear  from  Fig.  ^ . 5 .  besides  this,  as  Burns'  studies  showed, 

spectral  density  generally  diminishes  with  altitude  In  the  small- 

scale  region,  while  In  the  region  cf  large  scales  after  the  beginning 

of  the  break  in  the  curve  of  3(f!),  on  the  other  hand,  it  increases. 

Thus,  the  increase  In  the  energy  of  vertical  wind-velocity  component 

pulsations  with  altitude  occurs  at  the  expense  of  the  long-wave 

portion  of  the  spectrum.  Meanwhile  the  spectrum  for  pulsations  of 

the  horizontal  wind-velocity  component  has  one  and  the  same  3lope  for 

a  broad  range  of  scales  and  in  this  case  spectral  density  diminishes 

with  altitude.  For  these  conditions  the  ratio  between  a  and  o  at 

w  u 

small  altitudes  has  a  characteristic  vertical  profile:  up  to  50-70  m, 

c,  <  a,  ;  at  higher  altitudes  o  >  o  . 
w  u  °  w  u 


for  the  vertical  (1)  and  horizontal 
k'P.)  component.;  cf  wind  velocity  at 


altitudes  of  00  m  (a),  150  m  (b),  and 
300  m  ( c ) . 

KEY:  (1)  ( m/s )“ /rad/m ;  {?.)  rad/m. 


As  an  example.  Table  **.6  presents  data  from  A.  Burns  (196*0  for 
three  flight  experiments;  during  the  first  two  experiments  the 
vortical  temperature  gradient  w as  1.05°/100  m  and  during  the  third 
flight  It  was  1.11°/100  m.  The  wind  speed  at  ground  level  was  6  and 
3  m/3,  respectively,  while  the  vertical  gradient  of  average  wind  a peed 
was  substantially  les;  tnan  1  m/s  per  100  -n  of  altitude. 


Table  A. 6.  o  ./a  as  a  function 
cf  altitude.  w  11 
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We  will  recall  that  the  data  in  Tabic  *1.6  relate  tc  scales 
ranging  from  tens  of  meters  up  to  2500  meters.  Thus,  the  nature 
of  the  anisotropy  of  wind-velocity  component  pulsations  changes  with 
altitude.  At  present  there  are  no  reliable  data  on  the  nature  of 
anisotropy  for  nigh  altitudes.  However,  It  is  possible  to  assume 
that  at  high  altitudes,  especially  where  stratification  begins  to 
become  stable,  ow  Is  less  than  o  . 

As  the  studies  by  A.  F.  Gurvlch  (1962)  showed,  in  the  lowest, 
layer  of  the  atmosphere  the  point  at  which  a  break  in  the  curve  of 
S(S2)  for  pulsations  of  the  vertical  wlnd-velcoi ty  component  occurs 
will  depend  on  the  thermal  stratification  cf  the  atmosphere  and  is 
shifted  into  the  region  of  large  scales  with  an  increase  in  the 
thermal  instability  of  the  atmosphere.  Similar  results  were  obtained 
by  G.  A.  Panovskiy  and  R.  A.  Makkormik  (195**)  for  altitudes  up  to 
10n  m  above  the  surface.  These  studies  showed  that  not  only  does  the 
total  energy  of  vertical  wind-velocity  component  pulsations  In  the 
low-frequency  region  increase  with  an  Increase  lr.  altitude  and  thermal 
Instability  of  the  atmosphere,  hut  there  Is  also  a  growth  In  the 
displacement  of  the  maximum  toward  the  side  of  lower  frequencies. 

Radar  studies  of  the  structural  characteristics  of  pulsations  of  the 
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longitudinal  and  transverse  components  of  wind  velocity  carried  out 
by  Yu.  V.  Mel'nlchuk  ( ?. 9 6 6 )  showed  that  with  horizontal  eddy  scales 
which  are  smaller  than  the  height  of  observations  the  structural 
functions  of  these  components  almost  coincide.  Beginning  with  scales 
which  are  close  in  magnitude  to  the  value  of  the  altitude  of  the 
observations,  the  structural  function  of  transverse  pulsations 
achiever,  saturat Ion,  while  the  structural  function  of  longitudinal 
pulsations  continuer,  to  grow.  This  indicates  that  the  anisotropy  of 
horizontal  pulsations  is  shifted  with  altitude  into  the  region  of 
large  perturbation  scales. 

§  2.  INTERMITTENCE  Of  TURBULENCE. 

SPECTRUM  OF  THE  EXTERNAL  BOUNDARY 
OF  TURBULIZED  LAYERS  OF  THE 
ATMOSPHERE 

As  indicated  by  the  results  of  balloon  and  aircraft  investiga¬ 
tions  of  clear  air  turbulence,  zones  of  intensive  turbulence  of 
great  extent  are  encountered  relatively  rarely  in  the  atmosphere. 

In  a  majority  of  cases  It  is  possible  to  detect  only  individual  zones 
of  turbulence,  localized  in  space;  these  move  together  with  the 
average  flow,  where  such  local  zones  can  arise  spontaneously  in  the 
form  of  "flares."  Flashes  of  turbulence  can  acquire  comparatively 
great  frequency,  Increase  in  size,  and  run  together  as  they  move 
along  the  flow.  Gradually  turbulent  zones  in  the  form  of  spots 
arise  along  the  flow,  so  that  a  succession  of  quasl-laminar  and 
turbulent  regimes  is  observed.  At  a  fixed  point  in  space  above  which 
tno  airflow  is  moving,  first  the  quasl-laminar  regime  and  next  the 
turbulent  regime  will  predominate  at  the  beginning  of  the  described 
P  ro  c  e  s  s  . 

The  spontaneous  nature  of  the  appearance  of,  in  particular, 
microturbulence  in  the  free  atmosphere  was  first  detected  by  A.  M. 
Obukhov,  N.  Z.  Pinus,  and  S.  I.  Krechmer  (1952)  during  experimental 
investigations  of  atmospheric  turbulence  on  free  balloons. 

Under  laboratory  conditions  it  is  possible  to  visualize  the 
region  of  turbulent  notions  by  the  method  of  so-called  shadow 
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photography.  Considering  the  spatial  scales  of  turbulent  motions, 
thin  is  virtually  impossible  to  do  in  the  atmosphere.  To  a  certain 
degree  it  is  possible  to  describe  the  geometry  of  turbulized  layers, 
in  particular  at  low  altitudes,  from  the  degree  to  which  the  space 
intersected  by  an  aircraft  in  horizontal  flight  la  filled  with 
turbulent  pulsations.  In  this  case  the  most  accurate  description 
can  be  made  if  simultaneous  measurements  of  wind-velocity  pulsations 
are  carried  out  by  several  aircraft  at  different  level;-,.  In  practice 
flight  experiments  are,  as  a  rule,  carried  out  with  a  single  aircraft 
and  therefore  the  vertical  section  of  the  atmosphere  can  be  obtained 
only  by  "cementing  together"  data  from  measurements  during  several 
different  horizontal  flights  at  different  levels  between  fixed  points 
on  the  surface.  Besides  this,  during  evaluation  of  experimental 
data  on  the  presence  oi*  absence  or  turbulence  in  a  flow  of  air  it  is 
necessary  to  consider  the  frequency  characteristics  ar.u  the  initial 
sensitivity  of  the  measuring  equipment. 


The  diurnal  variation  of  turbulence  above  level  terrain  Is  shown 
on  Fig.  4.6,  which  was  constructed  from  data  of  a  flight  experiment 
on  a  PO-2  aircraft  carried  out  on  29  September  19 *4 6 .  Horizontal 
flights  were  made  at  levels  of  100,  300,  500,  1000,  1500,  and  2000  m. 
The  segments  on  which  aircraft  overloads  recorded  by  the  SP-111 
accelerograph  were  observed  are  traced  on  rig.  4.6.  During  the  first 
flight,  carried  out  15  min  after  sunrise,  "solid  turbulence"  was 
observed  at  an  altitude  of  100  m,  while  at  higher  altitudes  turbulence 
was  noted  only  in  isolated  places  in  the  form  of  flashes.  In 
particular,  Individual  flares  of  turbulence  were  noted  at  altitudes 
of  1000  and  even  1500  m.  A  similar  picture  was  observed  during  the 
second  flight.  Subsequently,  as  is  evident  from  the  figure,  turbulence 
developed  Intensively  and  by  1IC0-12O0  h  it  occupied  a  layer  of  the 
atmosphere  up  to  500  m;  by  1200-1300  h  It  reached  1000  m.  The 
greatest  intensity  was  achieved  at  1400  h.  The  last  flight,  was 
carried  out  at  1625  h,  1 . e . ,  1-2  h  before  sunset.  Turbulence  at 
altitudes  was  weak  id  the  perturbed  sections  of  the  flow  had  the 


‘initial  instrument  sensitivity  0.05  g. 
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nature  of  moving  spots  with  horizontal  dimensions  ranging  from 
several  tens  of  meters  to  several  hundred. 
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Fig.  4.6.  Diurnal  .ariation  in 
the  development  of  turbulence. 


a)  0640  h;  b)  0830  h;  c)  1029  h; 
d)  1238  h;  e)  1433  h;  f)  1625  h. 

Thus,  during  the  stages  of  development  and  attenuation  of  the 
turbulent  regime  in  air  flows  turbulence  can  h?’’e  an  intermittent 
character.  This  same  feature  characterizes  the  transition  zones 
between  the  turbullzed  zone  and  the  unperturbed  atmosphere.  Experi¬ 
mental  studies  showed  that  turbulent  layers  in  the  atmosphere  usually 
have  a  fairly  clear-cut  boundary,  beyond  which  aircraft  measurements 
indicate  that  there  is  no  turbulence.  The  boundary  between  the 
turbulized  and  laminar  segments  of  an  air  flow  have  irregular 
outlines  which  vary  randomly  In  time  and  space.  This  stems  from  the 
fact  that  air  can  flow  freely  from  the  quasi-laminar  region  into  the 
turbulent  area,  while  turbulent  pulsations  can  penetrate  the  auasi- 
lamlnar  region  of  the  flow  only  with  substantial  weakening  on  the 
path  of  penetration.  According  to  L.  D.  Landau  and  Ye.  M.  Llfshits 
(1953),  attenuation  of  velocity  pulsation  amplitude  during  penetration 
into  a  quasi-laminar  region  of  the  flow  I3  described  in  the  first 
approximation  by  the  formula 


Ah 


(4.1) 
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where  Aq  Is  the  initial  amplitude  of  pulsation  velocity;  U  lrf  tho 
wave  number,  inversely  proportional  to  the  spatial  scale  of  turbulent 
pulsations;  H  is  the  coordinate  along  the  normal  to  the  turbulized 
layer.  From  (4.1)  it  follows  that  the  smaller  the  scale  of  turbulent 
pulsations,  the  smaller  tho  distance  from  the  turbulized  layer  at 
which  they  will  attenuate.  Therefore  only  comparatively  large-scale 
turbulent  pulsations  can  penetrate  into  the  depth  of  the  quasi-laminur 
region  of  the  flew.  These  pulsations  create  irregular  distortions  of 
the  boundary  and  a  sequence  of  turbulent  and  quasi-laninar  flow 
regimes.  As  an  example,  Fig.  4.7  shows  the  vertical  section  of  a 
turbulized  boundary  layer  of  the  atmosphere.  This  section  was 
constructed  by  the  "cementing"  method  from  measurement  data  on 
aircraft  overloads  during  flights  above  level  terrain. 


0  1090  3000  3000  4000m 

Fig.  4.7.  Vertical  section  of 
the  turbulized  boundary  laye>"  of 
the  atmosphere. 


The  degree  of  1  nternitt.ence  is  evaluated  according  to  the 
magnitude  of  the  Intermit tence  coefficient  -  i.c.,  from  the  magnitude 
of  the  ratio  (a)  of  the  total  horizontal  extent  of  the  turbulized 
sections  of  the  flow  to  the  total  length  of  the  flow  intersected  by 
the  aircraft  or  passing  a  given  point.  It  is  obvious  that  the 
distribution  of  the  intermittenco  coefficient  in  altitude  depends  on 
the  nature  of  the  vertical  distribution  of  air  temperature  and  the 
average  wind  speed,  while  in  the  boundary  layer  it  also  depends  on 
the  distance  from  the  surface.  As  an  example  Fig.  4.3  shows  the 
curves  of  intermlttenee  coefficient  distributions ;  curve  1  was 
obtained  for  conditions  of  comparatively  small  vertical  temperature 
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gradients  but  large  gradients  of  average  wind  velocity  (2  November 
1963) »  curve  2  for  conditions  of  convection  (20  April  1962),  and 
curve  3  for  conditions  of  a  disruptive  surface  temperature  inversion 
(21  April  1962) . 


Fig.  4.8.  Vertical  profile  of  the  inter- 
mlttence  coefficient  of  turbulence. 


Laboratory  studies  show  that  in  free  turbulent  flows  the  zone 
of  intermittent  turbulence  Is  significantly  deeper  than  in  the 
boundary  layers.  In  the  boundary  layers  its  depth  can  reach  0.9-1. 2 
of  the  thickness  of  the  boundary  layer,  while  in  free  turbulent  flows 
it  can  reach  3.2  times  the  transverse  dimension  of  the  turbullzed 
flow  region.  At  present  there  are  virtually  no  studies  of  the 
geometric  characteristics  of  turbulence  in  the  free  atmosphere. 

From  (4.1)  It  follows  that  intermittent  turbulent  portions  of 
the  flow  may  exist  at  times,  while  at  times  small-scale  turbulence 
may  be  absent.  Thanks  to  this  the  function  of  spectral  density  for 
these  flow  regions  should  differ  by  very  small  values  from  the 
spectral  density  for  a  region  of  small-scale  turbulence.  As  an 
example,  Fig.  4.2  shows  curve  3,  characterizing  S (ft)  for  an  altitude 
of  2000  m  above  the  ground  under  conditions  of  stable  thermal 
stratification  of  the  atmosphere  (0.68°/100  m)  and  a  small  vertical 
gradient  of  average  wind  speed  (0.20  m/s  per  100  m) .  On  the  figure 
it  is  clear  that  the  left  part  of  the  curve  of  spectral  density  has 
a  slope  which  is  characteristic  for  conditions  of  stable  stratifica¬ 
tion  with  a  small  vertical  gradient  of  average  wind  speed.  The  right 
portion  of  the  curve  has  a  very  steep  slope  with  a  very  small 
magnitude  of  spectral  density  for  small-scale  turbulence.  Spectra 
having  the  same  characteristic  features  as  that  on  Fig,  4.2  were 
obtained  by  N.  K.  Vinnichenko  (  1 9 6 6 )  at  very  high  altitudes  (up  to 
10  km) . 
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It  should  be  noted  that  the  type  oi'  curve  of  3pectrul  density 
3(d)  depicted  on  Fig.  <1.2  may  characterize  parti  c:ular  features  of  a 
spectrum  of  degenerating  turbulence  In  the  final  period  of  degenera¬ 
tion  (see  Chapter  1).  The  greater  the  wave  number  V. ,  the  higher  the 
rate  at  which  spectral  density  3(0)  diminishes  in  the  process  of 
turbulence  degeneration. 

Thus,  besides  the  three  basic  types  of  energy  spectra  pointed 
out  in  §  1  and  connected  with  thermal  stratification,  yet  a  fourth 
type  Is  observed  in  the  atmosphere ;  this  type  is  characteristic  for 
the  region  of  the  boundaries  between  turbulent  layers  of  the  atmos¬ 
phere  or-  conditions  of  degenerating  turbulence.  Interpretation  of 
such  spectra  for  turbulence  of'  the  free  atmosphere  in  a  clear  sky, 
when  It  is  virtually  impossible  to  determine  the  boundaries  of 
turbulent  zones,  represent;;  a  very  complex  problem. 

5  3.  SPECTRUM  OF  TURBULENCE  IN  A 
THERMALLY  STRATIFIED  ATMOSPHERE 

Experimental  studies  of  the  structure  of  turbulence  in  the 
troposphere  and  lower  stratosphere  were  undertaken  b.v  the  authors  in 
1953,  when  methods  and  equipment  were  available  which  permitted 
obtaining  energy  spectra  of  pulsations  of  the  vertical  wind-velocity 
component.  The  experimental  data  available  at  that  time  had  cet-n 
obtained  mainly  In  tiic  lowest  and  boundary  layers  of  the  atr.osph  -re , 
where  the  underlying  surface  exerts  an  essential  influence. 

The  first  experimental  energy  spectra  of  atmospheric  turbulence 
were  obtained  in  zones  of  the  jet  stream  (Shun,  I'lfi?)  .  Figure  . 9 
shows  a  typical  energy  spectrum  of  pulsations  of  the  vertical  wind- 
speed  component  obtained  in  the  jet-stream  zone.  As  is.  evident  from 
Mne  figure,  the  spectral  curve  constructed  in  a  logarithmic  scale 
can  be  approximated  by  two  rectilinear  segments.  Mach  of  these 
segments  corresponds  to  the  >wer  law  5(»> *•«-».  The  segment  BC  can 
be  approximated  by  the  power  law  S(Q)  n>S1- *,  :.e.,  It  correspond:;  to 
the  inertial  interval  of  the  spectrum  for-  which  the  Ke Imogorov-whuUhov 
postulate  about  self-similarity  and  the  transfer  of  energy  from  scale 
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to  scale  without  losses  is  fulfilled.  The  line  AD  on  the  figure  is 
drawn  from  point  A  with  a  slope  of  -5/3.  If  the  spectrum  were  to 
pass  along  AD,  this  would  mean  that  all  the  energy  obtained  by 
turbulent  pulsations  characterized  ty  the  wave  number  fl A ,  being 
gradually  transferred  without  losses  to  turbulent  formations  with 
large  $1,  would  in  the  end  dissipate  into  heat.  Curve  ABC  passes 
below  AD;  consequently ,  less  energy  converts  into  heat  per  unit  time 
than  arri  ves  at  point  A.  .Spectra  which  are  similar  to  that  shown 
in  Fig.  4.9  are  characteristic  for  the  upper  troposphere. 


component)  in  clear  air 
in  tiie  Jet-stream  zone. 

K BY:  (1)  S(ft) (m/s)2/rad/m; 

(2)  rad/m. 

Figure  4.10  shows  energy  spectra  normalized  in  terms  of  disper¬ 
sion;  they  were  obtained  during  flights  in  clear  air  in  a  zone  of 
weakly  expressed  Jet  flow. 

The  overload  method,  which  was  used  to  obtain  the  spectra  shown 
on  Figs.  4.9  and  4. 1C,  gives  reliable  results  only  when  the  intensity 
of  turbulence  exceeds  a  certain  threshold  value  in  the  region  cf  wave 
numbers  to  which  the  aircraft  Is  sensitive  (see  I  1,  Chapter  2). 
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Fig.  il .  10 .  Dispers ion-no rxal ‘  '  >d  energy 
spectra  cf  turbulence  in  clear  air1  in  a 
jet-stream  zone  above  incur'  aLr.ous  terrain. 


KEY :  (1)  rad/m. 


However,  energy  louses  on  scales  corresponding  to  segment  AB  can 
be  so  significant  that  fluctuations  in  velocity  with  scales  corre¬ 
sponding  to  segment  BC  (Fig.  A. 9)  will  not  perceived  by  the  aircraft 
as  an  overload  meter.  It  Is  obvious  that  in  loose  cases  when  the 
aircraft  as  a  whole  does  not  react  to  these  velocity  fluctuations, 
by  using  it  as  a  platform  it  is  possible  to  install  on  it  more 
sensitive  instruments  and  to  study  fluctuations  lying  below  the 


sensitivity  thre3hold  of  the  overload  equipment.  Such  measurement;;, 

In  particular  pulsations  of  the  horizontal  wind-speed  component,  were 
carried  out  by  the  hot-wire  anemometric  method  (Vinnichenko,  196*0. 

In  order  to  obtain  the  spectrum  of  the  horizontal  component  In  a 
broader  range  of  wave  numbers  (scales),  the  measurements  on  the 
aircraft  were  carried  out  simultaneously  by  an  airborne  hot-wire 
anemometer  and  by  the  Doppler  navigation  system  (see  §  1,  Chapter  ?.)  . 

Figure  *4.11  shows  the  energy  spectrum  of  pulsations  of  the 
horizontal  wind-speed  component  obtained  in  clear  air  in  the  Jet¬ 
stream  zone  by  N.  K.  Vinnichenko  (1966).  From  comparison  of  Fig.  *4.11 
with  Fig.  *4.9  it  is  evident  that  the  spectrum  of  the  horizontal 
component  has  the  same  character  as  that  of  the  vertical  component. 

At  the  same  time  the  magnitudes  of  spectral  density  on  these  figures 
differ  by  almost  two  orders  of  magnitude.  In  the  case  corresponding 
to  Fig.  *4.11,  the  aircraft  did  not  experience  noticeable  overloads 
and  only  the  use  of  sensitive  equipment  made  it  possible  to  obtain  data 
on  the  turbulence  spectrum.  Figure  *4.12  shows  spectra  of  the  hori¬ 
zontal  component  obtained  by  Vinnichenko  (1966)  during  flights  in  clear 
air;  they  are  similar  in  character  to  the  spectrum  on  Fig.  *4.11.  The 
experimental  data  point  to  the  fact  that  some  mechanisms  should 
exist  for  the  absorption  of  the  kinetic  energy  of  turbulence  present 
in  the  free  atmosphere.  This  mechanism  may  be  connected  with 
peculiarities  of  the  medium,  that  is  either  with  the  "absence  of 
a  solid  wall  "  or  with  temperature  stratification.  The  particular 
features  of  the  structure  a  turbulent  flow  in  a  temperature-stratified 
medium  were  first  pointed  cut  by  A.  M.  Obukhov  (19*46). 

In  the  work  by  G.  N.  Shu:-  (196k’)  the  leakage  of  a  portion  of 
the  energy  of  turbulent  pulsations  is  explained  by  losses  in  resisting 
Archimedean  forces.  The  basis  for  this  explanation  is  as  follows. 

In  the  free  atmosphere  in  the  presence  of  stable  stratification 
with  respect  to  density  the  kinetic  energy  of  an  eddy  obviously  will 
not  be  transmitted  to  eddie3  with  smaller  scales  without  losses. 

In  its  lifetime  an  eddy  must  resist  Archimedean  forces  of  stable 
stratification.  Part  of  the  eddy  energy  will  enter  into  an  increase 
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Fig.  i).il.  Energy 
spectrum  of  turbulence 
(horizontal  component) 
in  clear  air  In  a  zone 
o f  Jet  flow . 
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n  th  potential  energy  of  tr.e  How,  l.e.,  into  a  reduction  in  the 
tab 1  .  renerve.  It  is  aloe  ob v lour  that  for  eddies  of  email 
Izc  loader,  of  energy  duo  to  work  expended  resisting  Archimedean 
orceo  will  be  negligibly  small,  while  larro-zoalo  oddi may  lose 


significant  portion  of  their  energy.  The  conversion  of  the  kinetic 
energy  of  turbulent  pulsations  into  potential  energy  should  occur  so 
.orig  as  stratification  remains  stable.  In  certain  cases,  as  will  he 
.mown  below,  virtually  all  of  the  energy  of  turbulence  may  be  expended 
on  resisting  the  forces  of  stratification,  and  the  turbulence  spectrum 
cun  he  limited  from  the  side  of  large  wave  numbers  (small  scales). 

We  will  examine  certain  quantitative  relationships  on  the  basis, 
of  the  widely  accepted  assumption  that  in  a  turbulent  flow  energy  J s 
transferred  from  large-scale  to  small-scale  eddies. 

We  will  designate  losses  of  energy  due  to  resistance  to  Archime¬ 
dean  forces  per  unit  time  as  dE'/dt: 


-  ~-  8V  p, 


(U  .2) 


where  v  is  the  eddy  velocity;  p  is  density;  g  is  the  acceleration  of 
gravity;  ft  is  the  potential  temperature.  We  will  have  per  unit  mass 


<f£,  1  dE'_ 

dt~  ^~f~~dt 


(U.3) 


where  jz  —  (v«~  y)  ttie  potential  temperature  gradient  and  l  is  the 
characteristic  dimension  of  the  eddy. 

We  will  assume  further  that  in  the  region  of  small  l ,  as  confirmed 
by  many  experiments,  the  Kolnogorov-Obukhov  law  is  fulfilled  well,  and 
we  will  trace  the  tendency  of  the  change  in  the  spectral  law  "minus 
5/3"  during  transition  to  large  l  with  consideration  of  the  effect 
being  examined.  Then 


-<«/)* 


Substituting  ( 'i .  il )  into  (*4.3),  we  obtain 


s  ,V»Y 
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(  4  .  *'4 ) 


dt 


5) 


Expression  (k.5)  defines  the  rate  of  lonvei'.ilon  cl'  kinetic 
energy  of'  turbulence  inly  potential  imei'ip/  of  the  Mow  -  i.c.,  the 
l’at.e  of  loss  of  kinetic  energy  of  turbulence  per  unit  many.  The 
quantity  dEo/dt  characterizes  stable  strati  float  ion  of  the  flow  nr,  a 
certain  consumer  of  turbulent  energy.  The  larger  the  reserve  of 
stability,  the  greater  the  quantity  cl'  turbulent  energy  which  is 
pumped  out  of  the  spectrum.  Expression  '  .  r.> )  also  shows  that  an 
unstably  stratified  flow  can  serve  as  a  source  of  turbulent  energy . 

The  total  rate  of.  transfer  of  turbulent  energy,  r. ^ ,  is  made  up 
of  the  rate  of  inertial  transfer,  numerically  equal  to  the  dlsslpatl 
rate  e,  and  the  rate  of  loss  of  turbulent  energy  dli  /dt : 


<  n .  (■: ) 


We  will  express  the  patent! -a  i  ternperal  ure  9  through  trie  average 
temperature  of  the  turbulized  layer  T  and  we  will  designate 


(H.7) 


Expression  (3)  is  now  rewritten  In  the  fern 


valuing  (A.«)  to  the  square,  wo  obtain 

.v(. +«*)*: 


I'l  oot 


{ u .  a ) 
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According  to  (*).«),  bl  *  <  1 ;  consequently. 


:■»*  t  7,V  (l-r-jj-M5  ). 


By  expressing  the  scale  of  l  through  the  wave  number,  ( )=»•  -,  we 
obtain 


ot> 
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(4.11) 


i'Ll’ferentlat.lng  (4.11)  with  respect  to  ft,  after  simple  conversions 
we  obtain 

2.  _L.' 

Ml+^B  *1,  (4.12) 

where 

4  L 

The  calculations  used  to  obtain  expression  (4.12)  are  not  strict; 
however,  the  conclusion  which  ensues  from  (4.12)  that  there  is  an 
increase  in  the  modulus  of  the  exponent  at  ft  in  that  region  of  wave 
numbers  where' stable  stratification  is  influential  is  in  good  agree¬ 
ment  with  experimental  results. 

J.  Luir.ley  (1964)  carried  out  a  stricter  solution  of  the  problem 
of  the  spectrum  of  turbulence  in  a  stably  stratified  atmosphere, 
lie  also  proceeded  from  the  assumption  that  the  rate  of  transfer  of 
energy  in  the  spectrum  is  a  function  of  the  wave  number  ft  and  depends 
on  the  degree  of  thermal  stability  of  the  atmosphere.  For  the 
spectrum  of  turbulence  in  a  stably  stratified  atmosphere,  Lumley 
obtained  the  expression 
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On  the  basis  ol'  analysis  of  experimental  results,  H .  Bolgiano 
(1959 »  1962)  proposed  a  model  of  the  energy  spectrum  for  a  stably 
stratified  atmosphere.  He  proposed  that  in  a  certain  interval  of 
wave  numbers  the  rate  of  dissipation  of  mean  square  fluctuations  ol' 
specific  buoyancy  forces  has  an  essential  influence  on  the  shape  of 
the  spectrum.  Bolgiano  applied  the  name  "buoyancy  subrange"  to  the 
interval  of  wave  numbers  in  which  the  shape  of  the  spectrum  in 
determined  by  thermal  stratification. 

it  should  be  noted  that  the  buoyancy  subrange,  if  it  exists, 
includes  scales  which  fail  in  the  inertial  interval  with  indifferent 
temperature  stratification.  Therefore  the  buoyancy  subrange  is  a 
segment  of  the  inertial  interval  in  which,  besides  transfer  of  energy 
over  the  spectrum,  there  is  conversion  of  part  of  the  kinetic  energy 
of  turbulence  into  potential  energy. 

For  the  spectrum  in  the  buoyancy  subrange,  Bolgiano  obtained  the 
expression 


S(2)ec  Q 


(9.15) 


A.  S.  Monin  (1962)  arrived  at  the  same  result.  He  proposed  tuat  in 
the  case  of  very  strong  stability  the  structure  of  the  turbulent  flow 
in  the  buoyancy  subrange  does  not  depend  on  the  rate  of  energy 
dissipation,  but  is  determined  by  only  two  parameters:  the  buoyancy 
parameter  g/T  and  the  average  rate  of  levelling  of  temperature  non- 
uniformities,  N: 


(9.16) 


where  v^:  is  the  coefficient  of  molecular'  heat  conductivity 
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From  dimensionality  considerations,  Monin  obtained 


5(Q)»e(-f)ryV^0“‘r.  (^.17) 

Further,  from  considerations  of  dimensionality  it  is  possible  to 
use  the  three  parameters  g/T,  N,  and  e  to  compile  a  scale  of  length 
L,: 

£,-t~rjV~T(-f)  .  (4.18) 

which  has  come  to  be  called  the  Bolglano-Obukhov  scale.  For 
inhomogeneitie3  whose  scale  L  <  L#  Archimedean  forces  do  not  influence 
turbulent  motions.  For  L  >  L#  the  regime  of  turbulent  motions  in  the 
inertial  Interval  depends,  as  is  evident  from  (4.18),  on  g/T  and  N. 

An  expression  for  the  turbulence  spectrum  in  a  thermally  stratified 
atmosphere  can  also  be  obtained  by  using  the  Interaction  theory 
developed  by  Tchen  (1953),  for  which  the  basic  positions  were  outlined 
in  Chapter  1. 

F.  A.  Gisina  (1966)  examined  the  influence  of  thermal  stratifica¬ 
tion  on  the  nature  of  the  energy  spectrum  as  an  effect  of  strong 
interaction  of  the  temperature  fields  during  weak  interaction  of 
average  and  turbulent  fields  of  wind  velocity  (see  Chapter  1).  From 
the  equations  of  motion  and  discontinuity,  by  averaging  and  expanding 
in  Fourier  integrals,  Qislna  obtained  a  spectral  equation  for  the 
energy  balance  which  takes  into  account  the  influence  of  buoyancy. 

To  solve  thi3  equation  she  used  a  widely-known  method.  The  parameters 
Included  In  the  spectral  equation  were  used  to  compile  certain  scales 
of  length  on  the  basi3  of  dimensionality  considerations.  Partial 
solutions  were  sought  for  these  scales.  For  the  scales  corresponding 
to  the  buoyancy  subrange,  Qislna  obtained  an  expression  which 
coincides  with  the  Bolglano  formula. 

Thus  it  can  be  considered  to  be  experimentally  and  theoretically 
established  that  the  spectrum  of  developed  turbulence  during  stable 
stratification  of  the  atmosphere  Includes  a  buoyancy  subrange  which 
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is  characterized  by  a  spectral  curve  slope  which  is  greater  than  5/3. 

In  the  region  of  large  wave  numbers  both  the  Shur-Lumley  and  the 
Eolgiano-Monln  formulas  convert,  as  would  be  expected,  Into  the 
spectral  law  "minus  5/3."  In  the  buoyancy  subrange  the  very  dependence 
S(R)  *  f(Q)  is  obtained  as  different;  If  it  is  difficult,  by  approxi¬ 
mating  experimental  results,  to  give  preference  to  one  or  another 
form  of  presentation  for  the  spectrum  of  energy,  as  follows  from  the 


works  of  J.  Lumley  (1964),  H.  Belgians  (1962),  and  A.  S.  Monin  (1562) 
tii e  difference  becomes  extremely  substantial  for  spectra  of  tempera¬ 
ture  pulsations.  Comparative  analysis  of  the  two  theories  describing 
the  turbulence  spectrum  in  the  buoyancy  subrange  is  given  in  the  work 
by  A.  S.  Monln  (1965)  and  0.  M.  Phillips  (1965). 

Phillips  showed  that  both  expressions  for  the  spectrum  ran  be 
obtained  from  the  spectral  equation  of  the  balance  of  turbulent 
energy.  The  final  form  of  the  expression  for  the  spectrum  in  the 
buoyancy  subrange  will  depend  on  certain  initial  hypotheses.  If  we 
assume  that  the  magnitude  of  the  turbulence  spectrum  S(fl^)  Is 
determined  by  the  rate  of  energy  transfer  to  the  environment  of 
and  that  the  density  of  energy  consumed  on  overcoming  Archimedean 
forces  is  proportional  to  the  average  gradient  of  buoyancy  forces 

[y(Y«  —  V)  ]•  then  as  Phillips  showed  it  is  possible  to  obtain  an 
expression  coinciding  with  the  Shur-Lumley  formula. 

If  we  as'sume  that  the  structure  of  the  turbulence  of  a  stably 
stratified  flow  is  determined  by  the  rate  of  dissipation  of  mean 
square  fluctuations  of  buoyancy  forces  b' —  —  uue  to  molecular 

diffusion,  an  expression  coinciding  with  the  Bolgiano-Monin  formula 
in  obtained. 


The  analytical  expressions  (4,12)  and  (4.17)  are  suitable  for 
describing  the  energy  spectrum  of  turbulence  in  a  stably  stratified 
atmosphere.  With  indifferent  stratification  the  buoyancy  forces 
equal  zero  and  expressions  (4.12)  and  (4.17)  convert  asymptotically 
Into  the  spectral  law  "minus  5/3."  With  unstable  stratification  of 
the  atmosphere  the  expressions  (4.12)  and  (4.17)  have  no  physical 


meaning.  However,  on  the  basis  of  simple  physical  presentations  it 
Is  possible  to  show  that  the  presence  of  unstable  stratification  can 
lead  to  a  growth  In  the  energy  of  turbulence. 

Thermal  Instability,  like  thermal  stability,  can  act  in  a  certain 
interval  of  wave  numbers  (scales).  If  the  loss  of  energy  due  to 
resistance  to  Archimedean  forces  leads  to  an  increase  in  the  modulus 
of  the  exponent  (if  we  present  the  spectrum  of  the  exponential 
function  In  the  form  So<*>U-").  the  Influx  of  energy  due  to  thermal 
instability  will  lead  to  a  reduction  in  |n|;  In  the  case  of  strong 
Instability  it  will  lead  to  a  change  in  the  sign  of  n. 

An  experiment  carried  out  on  an  IL-18  aircraft  in  the  Tashkent 
region  (Vinnichenko,  Plnus ,  Shur,  1965)  can  serve  as  a  good  Illustra¬ 
tion  of  the  dependence  of  the  energy  spectrum  of  turbulence  on 
thermal  stratification  of  the  atmosphere.  This  example  is  typical 
for  cloudless  weather,  the  presence  of  unstable  thermal  stratification 
in  the  lower  half  of  the  troposphere  and  3table  stratification  at 
high  altitudes,  and  weak  vertical  gradients  of  average  wind  speed. 

During  the  flight  experiment,  carried  out  in  September  1964,  the 
weather  was  cloudless,  the  wind  speed  grew  from  20  km/h  at  1  km 
altitude  to  70  km/h  at  an  altitude  of  9  km,  and  then  diminished; 
up  to  an  altitude  of  1. 5-2.0  km  the  atmosphere  was  unstably  stratified. 
Curves  of  spectral  density  of  pulsations  of  the  horizontal  wind- 
velocity  component  for  altitudes  of  1,  3.  6  and  9  km  are  shown  on 
Fig,  4.13.  The  low-frequency  segments  (AB)  of  the  curve  Su(fl)  were 
constructed  according  to  Doppler  meter  data,  while  the  high-frequency 
segments  (CD)  were  constructed  according  to  hot-wire  anemometer  data. 
The  broken  line  indicates  the  insertion  of  segments  obtained  by  other 
methods . 

On  Fig.  4.13  (H  -  1  km)  it  is  clear  that  saturation  of  Su ( fJ )  in 
regions  of  small  n  is  clearly  evident  on  curve  segment  AB.  Segment 
AB  is  continued  with  broken  lines  to  the  region  of  large  frequencies 
according  to  the  "minus  5/3"  law.  The  experimental  curve  of  spectral 
density,  CD,  lies  above  this  line  with  a  slope  which  is  close  to  -5/3. 
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Fig.  ^,13.  Energy  .spectra  of  tunLulenct 
(horizontal  components)  at  altitudes  of  1, 
3,  6  and  9  km.  Temperature  strati fication 
at  I  km  (a)  is  unstable;  at  3  km  (b), 
indi f  ferent ;  at  6  km  (c)  and  fj  km  (u), 
stable. 


KEY:  (1)  S(J1)  (km/h) 2/( rad/km) ;  (2)  rad/km. 


Such  a  location  of  segment  CD  of  the  spectral  density  curve  can  be 
explained  by  the  fact  that  in  the  region  of  scales  from  1  to  3  km 
there  was  an  influx  of  energy  due  to  thermal  instability  of  the 
atmosphere .  This  effect,  which  was  well  expressed  at  an  altitude  of 
1  km,  could  be  traced  almost  to  3  km  altitude. 


At  an  altitude  of  3  km,  i.e.,  where  stratification  was  close 
to  Indifferent,  the  entire  curve  of  spectral  density  ABCD  corresponds 
(as  is  evident  from  the  figure)  to  the  "minus  5/3"  law.  For  an 
altitude  of  6  km,  where  stratification  was  stable,  an  increase  in  the 
slope  of  the  curve  Su(fl)  on  segment  BC  was  clearly  noticeable;  this 
indicates  a  loss  of  turbulent  energy  expended  on  the  resistance  of 
turbulent  perturbations  to  Archimedean  forces.  Finally,  the  spectral 
density  of  pulsation-''  of  the  horizontal  wind-velocity  component  at 
an  altitude  of  9  km  has  the  same  nature  as  Su(n)  for  an  altitude  of 
6  km,  but  the  slope  of  the  curve  Su(fl)  at  this  altitude  is  still 
great;  this  is  connected  with  the  greater  thermal  stability  of  the 
atmosphere  which  is  observed  at  this  level. 

5  4.  TRANSFER  OF  ENERGY  IN  THE 
SPECTRUM  AND  GENERALIZED  SPECTRUM 
OF  TURBULENCE  OF  THE  FREE  ATMOSPHERE 

In  the  inertial  interval,  spectra  differ  from  one  another  only 
In  the  level  of  turbulent  energy,  which  is  determined  by  the  quantity 

»  it 

i-e“T4?(0)T  0T.  (4.19) 

We  will  assume  that  even  if  no  limitations  of  any  type  are 
imposed  on  the  spatial  structure  of  turbulent  formations  (i.e.,  even 
in  the  case  of  anisotropic  and  nonuniform  turbulence),  in  a  turbulized 
atmosphere  transfer  of  energy  from  perturbations  of  large  scales  to 
small-scale  perturbations  takes  place.  In  spectral  terms  this  , meins 
that  the  flow  of  energy  is  directed  toward  the  large  wave  numbers. 

This  entails  the  possibility  of  determining  the  rate  of  energy 
transfer  in  the  spectrum  efJ  as  a  function  of  the  wave  number  fl.  For 
the  Inertial  interval 

*»  =“•  con  it  —  i. 

Here  energy  neither  arrives  nor  is  consumed  within  the  inertial 
Interval,  but  is  only  transferred  from  one  set  of  motions  (large 
scales)  to  another  3et  (small  scales). 
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The  lines  e  ■  const,  where  e,  <■  r. _  <  ...  <  t  arc  depicted  on 
Fig.  A.lAa  in  the  coordinate:-.  and  ft.  If  the  function  of  spectral 

density  S(ft)  is  parallel  to  these  lines,  the  rate  of  energy  transfer 
in  the  spectrum  is  constant.  Segment  RC  of  the  spectrum  proceeds 
parallel  to  lsolines  e.  In  other  words,  in  the  wave-number  interval 
ft^-ft^  sources  and  drains  of  turbulent  energy  are  absent.  On  the 
segment  AB ,  with  an  increase  in  wave  number  the  spectral  curve 
intersects  isolines  e,  t. r-aris l'erring  to  levels  of  ever'  greater  and 
greater  energies.  In  this  Interval  of  wave  numbers  energy  arrives  in 
the  spectrum  -  i.e.,  in  the  ft^-ft.,.  region  a  source  of  turbulent  energy 
is  operative.  On  the  segment  Cf  the  spectral  curve  intersects 
isolines  e  in  the  direction  from  large  r.  to  small.  This  means  that 
In  the  wave-number  interval  kinetic  energy  of  turbulent 

pulsations  does  not  transfer  from  scale  to  scale  completely,  but  with 
losses  -  i.e.,  in  the  region  a  consumer  of  turbulent  energy  is 

operative . 


=  f(ft)  according  to  the 
grapti  of  S(il)  =  i\G‘,  . 
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The  curve  of  the  function  ■  f(Q)  is  a  very  convenient  form  of 
presentation  of  experimental  data  in  those  cases  when  we  wish  to 
trace  the  transfer  of  energy  within  the  spectrum  of  turbulence;  this 
curve  is  shown  on  Fig.  4.14b.  On  such  a  curve  both  the  regions  where 
energy  arrives  in  the  spectrum  and  regions  where  energy  is  "pumped 
out"  from  the  spectrum  can  be  clearly  singled  out. 

The  difference  between  the  rate  of  arrival  of  energy  in  the 
spectrum,  cr,  and  the  rate  of  dissipation  of  energy  e  can  be  quite 
significant,  with  the  sign  of  this  difference  depending  on  the  type 
of  stratification.  Figure  4.15  presents  curves  of  er  and  e  calculated 
from  the  spectra  presented  on  Fig.  4.13.  Since  the  spectra  show 
good  subordination  to  the  "minus  5/3"  law  on  segments  AB  in  Fig.  4.13, 
although  it  is  difficult  to  expect  isotropy  and  local  homogeneity  on 
these  scales,  the  quantity  er  was  calculated  from  the  spectra  on  the 
AD  segments  according  to  formula  (4.19).  The  dissipation  rate  e  was 
calculated  from  the  spectrum  on  the  segments  CD  with  the  same  formula. 


Nkm 


Au  is  evident  from  Pig.  4.15,  e  drops  sharply  with  altitude, 
while  er  remains  practically  constant  beginning  with  an  altitude  of 
i  km.  In  the  zone  up  to  3  km  ( e  -  e)  >  G ,  indicated  on  the  figure 
by  the  "  +  "  sign,  while  at  high  altitudes  (cf.  -  c)  <0;  this  is 
indicated  by  the  sign. 


The  experimental  data  on  the  magnitude  of  e  obtained  by  A.  G. 
Gorelik  (1965)  and  by  Yu.  V.  Mel'nichuk  (19b 4)  by  the  radar  method, 
by  V.  N .  Ivanov  (1964)  from  measurements  on  a  tower,  etc.,  relate 
mainly  to  the  lower  500-meter  layer  of  the  atmosphere.  For  comparison 
with  the  data  presented  on  Fig.  4.15,  we  will  introduce  data  obtained 
by  F.  K.  ball  (iy6l)  concerning  the  dependence  of  the  rate  of 
dissipation  of  turbulent  energy  e  on  altitude.  Figure  4.16  shows  the 
curve  c  *  f(H)  per  Ball,  with  our  data  with  respect  co  e  plotted  in. 
the  form  of  blackened  diamonds.  As  is  evident  from  the  figure,  the 
various  data  do  not,  in  general,  contract  1  ct  one  another',  If  we 
consider  that  there  was  developed  convection  at  low  altitudes  in 
the  experiment  (see  the  legend  of  Fig.  4.13). 

Mm 


spends  to  dissipation  during 
developed  convection.  Our  data 
are  indicated  by  the  black 
diamonds  (see  Fig.  ‘1.15). 

KEY:  (1)  cmVs3. 
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The  reduction  In  e  with  altitude  does  not,  however,  mean  that 
the  intensity  of  turbulence  drops  sharply  with  altitude.  As  is  clear 
from  Figs.  ^.13  and  ^.15,  the  Intensity  of  turbulence  for  small 
wave  numbers  (large  scales)  is  reduced  extremely  slowly  with  altitude. 
As  was  indicated  above,  the  Intensity  of  turbulence  can  be  charac¬ 
terized  by  the-quantity  efi;  since  this  quantity  is  related  to  a 
certain  wave  number,  It  can  also  be  used  for  the  characteristic  of 
turbulence  intensity  outside  the  inertia)  interval. 

Figure  4.17  shows  curves  of  e^  ■  f(fi)  obtained  from  the  results 
of  aircraft  experiments  in  clear  air  with  stable  stratification  of 
the  atmosphere  (Shur,  1967).  Curves  1  and  2  were  constructed  for 
the  horizontal  component  and  curve  3,  for  the  vertical.  Curve  3  lies 
somewhat  above  curves  1  and  2,  since  it  corresponds  to  the  presence 
of  intensive  buffeting  of  the  aircraft  -  i.e.,  significantly  high 
energy  of  turbulence.  All  curves  clearly  show  a  region  of  reduction 
in  (buoyancy  subrange).  It  is  interesting  to  note  that  for  high 
intensities  of  turbulence  the  buoyancy  subrange  is  displaced  toward 
the  side  of  large  wave  numbers. 


functions  ■  f(ft)  for 

clear-air  turbulence.  1  and 

2  -  horizontal  components; 

3  -  vertical  component. 

KEY:  (1)  cm2/s3;  (2) 

rad/km. 
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These  experimental  data  on  the  spectral  structure  of  free- 
itmu.iphere  turbulence  were  obtained  by  very  different  methods.  Each 
method  makes  it  possible  to  obtain  the  spectrum  oi‘  turbulence  in  a 
certain  interval  of  scales.  However,  it  ! possible  to  construct 
the  diagram  of  a  certain  generalised  spectrum  of  turbulence  m  the 
free  atmosphere  (as.  a  rule,  having  stable  thermal  stratification)  Jr; 
a  bmarl  range  of  scales.  The  concept  formulated  above  on  the  rate  of 
energy  transfer  within  the  spectrum  is  used  to  construct  such  a 
spectrum, 

Figure  4.18  shows  a  graph  of  the  function  Cq  =  l'(tt).  Region  I 
on  the  graph  is  the  region  of  wave  numbers,  where  generation  of 
turbulent  energy  occurs  cue  to  tire  instability  of  the  average  flow. 

In  this  case  a  portion  of  the  energy  of  the  main  flow  goes  into  the 
formation  of  fluctuations.  Region  1  Is  characterized  by  a  growth  in 
e^.  Tills  doss  not  mean  that  in  this  region  there  Is  only  arrival 
of  the  energy  of  turbulence.  The  increase  in  makes  it  possible 
to  conclude  only  that  the  arrival  of  energy  into  the  spectrum  proceeds 
more  rapidly  than  the  outflow  ( consumpt ion )  of  this  energy. 

Fig.  4.13.  Generalized 
energy  spectrum  of 
developed  turbulence  in 
the  free  atmosphere  and 
the  corresponding  func¬ 
tion  eQ  a  f  ( Si) . 


Region  ri  is  characterized  by  a  certain  quasi -esc.!  librium 
between  the  arrival  of  energy  Jr.  the  spectrum  and  Josser,  of  this 
energy.  Under  losses  one  should  not  understand  the  transfer  of 
energy  over  the  spectrum.  The  nature  cf  these  energy  losses  requires 
study.  The  presence  or  a  region  of  quas ! -enu.i  I  Abrl  am  Is  confirmed 
by  numerous  experimental  data.  The  rate  of  energy  tr.-u  .-.for  lr.  th  is 
region  remains  virtually  constant,  although  the  erudition  of  Local 
Isotropy  is  not  del  1  berately  full'' lied  j,«;rc  . 

Li  7 


Hegion  III  is  a  region  of  wave  numbers  in  which  a  powerful 
consumer  of  turbulent  energy  is  operative  in  a  stably  stratified 
atmosphere  -  i.e.,  Archimedean  forces  of  stable  stratification.  The 
energy  of  turbulence  converts  to  potential  energy  of  stratification, 
while  at  the  same  time  there  is  virtually  no  arrival  of  energy  in 
the  spectrum  in  the  region  of  wave  numbers  Owing  to  losses  of 

energy  expended  An  counteracting  the  forces  of  negative  buoyancy,  the 
rate  of  energy  transfer  drops  with  an  increase  in  ft. 

Region  IV  is  the  classical  Inertial  interval.  Here  the  spectrum 
in  the  inertial  interval  is  constant  and  equals  the  rate  at  which  the 
energy  of  turbulence  converts  into  thermal  energy  on  the  right  boundary 
-  the  dissipation  rate  e. 

j 

Region  V  is  the  viscous  interval,  where  the  energy  of  turbulence 
converts  into  heat  due  to  viscosity.  In  this  region  Eq  drops  from 
e  to  zero. 

The  shape  of  the  spectral  curve  changes  in  accordance  with  the 
changes  in  the  rate  of  energy  transfer  in  different  segments  of  the 
spectrum.  A  generalized  spectrum  for  a  stably  stratified  atmosphere 
is  presented  on  the  same  Figure  4.18.  In  the  inertial  interval  the 
spectrum  is  described  by  the  "minus  5/3"  law.  The  inertial  interval 
is  bounded  on  the  right  by  the  wave  number  ft  corresponding  to  the 
so-called  Kolmogorov  microscale.  As  experiments  have  shown,  its 
left  boundary  S corresponds  to  scales  of  about  1000  m  in  a  free 
atmosphere . 

While  by  definition  there  are  neither  sources  nor  consumers  of 
turbulent  energy  in  the  inertial  interval,  and  there  is  only  inertial 
transfer  of  energy  over  the  spectrum  from  large  scales  to  small  ones, 

.1r.  the  interval  of  quasi-equilibrium  both  sources  and  outflows  of 
energy  are  operative.  However,  since  rossconit  in  this  interval,  the 
spectrum  can  be  described  by  the  expression 

S(0)ecO_T.  (4.?0) 
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The  expression  for  the  spectrum  !  n  the  v scour.  Interval  c:ui  hr 
obtained  thoorotl  cnlly  from  the  known  oquut  '.on  u f  !hd  r.i-nbi-rr  ( s or 
Chapter  l)  and  has  the  form 

S(a)»Q-t. 

F.xperi  merit.:;  carried  out  Ii;  wind  turin'-lc  <1>>  nit  ccr.fi  rx  such  a 
relationship.  However,  at  ar.y  approx  linnt !  on  tnc>  cut.  1  i .  the 

viscous  Interval.  drop:;  mere  steeply  t::u.;  is.  the  inert  i.aJ  1  nlorvai . 
;!incfi  e  ^  is  reduced  with  a  growth  in  il,  in  the  'buoyancy  subrange  (dr 
spectrum  should  also  drop  more  steeply  than  I  n  the  Inertial  Interval 

Experimental  spectra  obtained  pulsations  of  the  vertical 
wind-velocity  component  can  be  approximated  by  the  power  i"  ■  l.atioirsh ' 
5(11)  fl“n,  where  n  varies  within  the  limits  2,2  to  1.1.  At  should 
be  pointed  out  that  0.  N.  5hur  ( 1. >)(',?')  and  .1  .  l.ur.'.ley  (l(Hil»)  cons  Ldor 
the  elope  of  the  spectral  curve  in  the  buoyancy  sub  ran  (to  to  :  .in¬ 
variable,  since  it  J.s  a  function  of  the  wave  number. 

The  shape  of  the  spectrum  in  the  region  of  turbulent  energy 
generation  depicted  cri  Fig.  t.18  ensues  from  ‘.lie  general  physical 
presentations  and  is  a  direct,  consequence  of  the  growth  in  e,,.  Ar.y 
amount  of  reliable  experimental  data  relating  v.o  the  spectral  region 
for  a  free  atmosphere  will  be  !  r;suf  fie  lent  tu  construct,  an  empiric  ;1 
formula  describing  the  spectrum  In  this  region.  '"he  turbulence 
spectrum  depicted  on  Fig.  ••.18  is  a  certain  r  or  a. I  scheme-  for 
developed  turbulence  in  the  free  a t"  esnheii- .  l-ov.i on;-,  el'  all  scales 
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energy  In  a  stably  stratified  atmosphere.  In  this  case  secondary 
maxima  will  appear  In  the  turbulent  spectrum  In  the  region  of  wave 
numbers  corresponding  to  the  length  of  disintegrating  gravitational 
waves . 

Disintegrating  mountain  waves  can  be  another  local  source  of 
turbulent  energy.  The  mechanism  of  formation  of  such  waves  and  the 
conditions  under  which  they  lose  stability  will  be  discussed  in  detail 
In  Chapter  6. 

The  first  work  on  the  experimental  investigation  of  the  turbulence 
spectrum  in  the  stratosphere  (Vinnichenko,  Pinus ,  Shur,  1967)  was 
carried  out  in  a  mountainous  region  precisely  because  the  probability 
of  detecting  zones  of  developed  turbulence  is  high  in  such  a  region. 

Figure  ^.19  presents  two  spectra  of  the  vertical  wind-velocity 
component  obtained  during  experiments  In  the  regions  of  the  Caucasian 
ridge.  Curve  1  relates  to  a  zone  of  turbulence  in  clear  air  at  an 
altitude  of  15  km.  The  increment  of  aircraft  overload  reached  +1.0  g. 
Curve  2  represents  the  spectrum  of  the  vertical  component  of  wind 
speed  in  clear  air  above  mountains  at  an  altitude  of  9.3  km  In  the 
presence  of  the  Jet  stream;  the  axis  of  the  stream  was  located  at 
an  altitude  of  13  km.  The  overload  Increment  In  this  flight  reached 

+1.2  g. 

For  comparison  spectra  obtained  above  level  terrain  in  clear  air 
are  presented  on  this  figure.  Curve  3  corresponds  to  turbulence  in 
the  Jet-stream  zone  at  an  altitude  of  8  km  with  an  overload  increment 
up  to  0.5  g,  while  curve  4  represents  weak  turbulence  along  the  axis 
of  the  stream  (10  km)  with  an  overload  increment  on  the  order  of  0.1  g. 

As  is  evident  from  Fig.  *4.19,  the  spectral  curves  above  mountains 
have  characteristic  breaks,  in  contrast  to  the  more  monotonic  spectra 
above  level  terrain. 

During  experimental  studies  of  turbulence  in  different  regions 
and  with  extremely  different  conditions  It  was  far  from  always 
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§  5.  SOME  PARTICULAR  FEATURES  OF 
EXPERIMENTAL  SPECTRA  OF  TURBULENCE 
IN  CLEAR  AIR 


Experimental  results  and  theoretical  considerations  touching 
upon  the  shape  of  the  generalized  spectrum  of  turbulence  In  the  free 
atmosphere  are,  generally  speaking,  related  to  ca3e3  of  developed 
turbulence  with  a  continuous  spectrum,  containing  measurable  fluctua¬ 
tions  of  all  scales,  including  the  inertial  Interval.  As  a  particular 
case  the  spectrum  for  strong  stability  of  the  atmosphere  is  super¬ 
imposed  on  the  proposed  schemes;  in  this  spectrum  virtually  all  of 
the  energy  arriving  in  the  spectrum  in  the  generation  region  converts 
to  potential  energy  of  stratification  in  the  buoyancy  subrange.  We 
will  examine  Just  how  the  shape  of  the  generalized  spectrum  of 
turbulence  in  a  stably  stratified  atmosphere  can  change  as  a  function 
of  the  degree  of  thermal  stability  and  power  of  the  sources  which 
are  generating  the  turbulence.  We  will  note  that  thermal  stratifica¬ 
tion  is  only  one  of  the  ’’causes"  of  distortion  of  the  3hape  of  the 
spectral  curve. 

During  strong  thermal  stability  of  the  atmosphere,  which  as  a 
rule  always  occurs  in  the  stratosphere,  turbulization  or  the  now 
requires  large  gradients  of  wind  velocity.  The  very  fact  of  the 
appearance  and  development  of  turbulence  in  such  a  medium  attests  to 
the  fact  that  thi3  condition  is  fulfilled. 

However,  although  the  reserve  of  thermal  stability  turns  out  to 
be  inadequate  to  prohibit  the  birth  of  turbulence,  forces  of  buoyancy 
intensively  counteract  the  cascade  transfer  of  energy  over  the 
spectrum.  Here  three  cases  corresponding  to  the  three  curves  on 
Fig.  4.20  are  possible. 

1.  With  very  strong  thermal  stability  of  the  medium  the  spectrum 
of  turbulent  perturbations  can  be  localized  in  a  narrow  band  of  wave 
numbers  (curve  3).  In  this  case  the  spectrum  obtained  during  treat¬ 
ment  of  a  realization  of  finite  length  will  differ  virtually  not  at 
all  from  the  spectrum  of  purely  harmonic  oscillation  if  existing 
methods  of  machine  statistical  processing  are  used  (see  Chapter  3). 
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Such  quasi-wave  perturbations  differ  from  purely  wave  perturbations 
in  the  fact  that  transfer  of  energy  in  them  occurs  from  large  scales 
to  small  scales  and  then  all  energy  is  expended  on  counteracting 
buoyancy  forces . 


StQ) 


Pig.  4.20.  Three  particu¬ 
lar  ca.ses  of  the  shape  of 
the  energy  spectrum  of  a 
stably  stratified  atmos¬ 
phere  . 


2.  With  somewhat  less  thermal  stability  of  the  atmosphere  or, 
which  is  the  same  thing,  with  greater  dynamic  instability,  and  also 
in  those  cases  when  the  source  of  turbulent  energy  is  located  in  a 
region  of  wave  numbers  remote  from  the  buoyancy  subrange,  the  spec¬ 
trum  of  turbulence  is  found  to  be  significantly  wider- and  differs 
substantially  from  the  spectrum  of  purely  harmonic  oscillations 
(curve  2).  However,  in  this  case  also  buoyancy  forces  absorb  all 
kinetic  energy  of  turbulent  pulsations. 

3.  The  most  frequently  encountered  case  is  that  when  a  continu¬ 
ous  spectrum  of  turbulence  exists  in  which  kinetic  energy  is-  trans¬ 
ferred  from  large  scales  to  small  ones.  A  portion  of  the  energy  is 
converted  into  potential  energy  and  then  at  scales  where  the  buoyancy 
forces  do  not  play  a  significant  role  inertia.1  transport  occurs  in 
accordance  wi th  the  "minus  5/3"  law.  In  the  ,end  the  kinetic  energy 
remaining  In  the  spectrum. converts  tc  heat  in  the  viscous  interval 
(curve  1). 

The ; different  variants  of  spectra  which  are  given  on  Pig.  ^.20 
represent  particular  cases,  cf  the  general  scheme  shown  on  Fig.  b . 15 ; 
they  characterize  the  distribution  of  energy  in  the  spectrum  of 
developed  turbulence. 


"  It  is  of  interest  to  evaluate  the  degree  of  iuotr.jpicity  of 
turbulence  in  clear  air  in  different  wave-number  intervals.  . 

The  ratio  between  different  components  of  the  vector  of  velocity 
pulsations  waa  studied  experimentally  by  E.  R.  Reiter  ana  A.  Burns 
(1965).  They  utilized  a  "Canberra"  aircraft  equipped  with  an 
anemocllnometer  for  these  studies.  Flights  were  carried  out  at 
altitudes  of  8-11  km  over  Australia.  The  degree  of  isotropy  of 
turbulence  up  to  scales  L  ■  300  m  can  be  evaluated  from  the  fulfillment 
of  the  known  relationships  (Batchelor,  1958) 

J,(Q):S.(Q)— J-.  (4.23) 

Table  4.7  gives  data  obtained  by  Reiter  and  Burns  for  a  turbulent 
scale  equal  to  60  m.  As  we  see,  at  high,  wind  velocities  relationship 
(4.23)  is  satisfactorily  .fulfilled  for  the  vertical  component  and 
poorly  fulfilled  for  the  transverse  horizontal  component.  At  wind 
velocities  of  about  80  km/h  relationship  (4. 23)  is  hot' fulfilled. 


‘Table  4.7.  Ratio  between  3(0),  S  (0)  and 
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5  6.  SOME  EXPERIMENTAL  DATA  ON 
THE  INTENSITY  OF  TURBULENCE  AT  HIGH 
ALTITUDES 


Experimental  investigations  of  pulsations  of  the  longitudinal 
and  vertical  components  of  wind  speed  carried  out  on  captive 


(Devyatova,  et  al.,  1958)  and  free  balloons  (Pinus,  19*t9,  1952; 
Litvinova  and  Silayeva, I960) ,  aircraft  (Pinus,  1962,  1963a,  1964)  and 
with  radar  equipment  (Gorelik,  1965;  Yu.  V.  Mel'nlchuk,  1964,  1966) 
made  it  possible,  to  some  dogree,  to  study  the  dependence  of  turbu¬ 
lence  Intensity  on  different  atmospheric  parameters,  altitude  above 
the  ground,  etc. 

First  of  all  we  should  note  the  presence  of  a  dependence  between 

the  relative  intensity  of  turbulence  and  the  average  wind  velocity. 
Data  from  radar  measurements  of  horizontal  wir.d-veloclty  component 
pulsations  in  the  scale  range  of  100  m  to  2-3  km  show  that  with  an 
Increase  in  wind  velocity  the  relative  intensity  of  turbulence  is 
reduced;  beginning  with  a  y^Tbcifcy  on  the  order  of  5-6  m/s  it  is 
independent  of  changes  in  the  average  wind  velocity  and,  on  the 
average,  comprises ,0 . 02 . 

A  similar  relationship  is  the  function  ^  ■  f(u),  obtained  from 
data  of  aircraft  measurements  made  with  the  Doppler  navigation  system 
and  related  to  scales  ranging-  from  a  few  kilometers  up  to  50-60  km; 
the  largest  value  of  4»  is  observed  at  wind  speeds  of  less  than  50-60 
km/h.  At. '.wind  velocities  greater  than  60-70  km/h,  on  the  average 
iT*  0.1. 

The  connection  between  the  quantity  ^  and  the  average  wind 
velocity  can  be  used  in  practice  to  evaluate  the  magnitude  of  wind- 
velocity  pulsations  from  data  obtained  by  measuring  average  wind 
velocity . 

Radar  and  balloon  observations  also  made  it  possible  to  clarify 
the  dependence  of  on  altitude.  Although  in  each  individual  case 
the  vertical  profile  of  4/  has  a  complex  laminar  character  connected 
with  the  nature  of  the  vertical  profiles  of  air  temperature  and 
average  wind  velocity,  overall  a  reduction  in  4>  is  observed  with 
altitude.  Table  4.8  gives  a  presentation  of  these  data;  it  includes 
data  from  balloon  observations. 


Table  4.8.  Turbulence  Intensity  as  a  function 
of  altitude 


For  ranges  of  motion  scales  which  are  close  to  the  scales  of 
the  radar  measurements,  the  change  In  ij»  with  altitude  can  be  approxi¬ 
mated  with  sufficient  accuracy  by  the  expression 

$(«)-*//"**.  (4.24) 

where  H  is  altitude  in  km  and  k  is  a  constant  which  depende  on  local 
conditions;  for  level  terrain  its  value  falls  in  the  limits  5-15* 

Similar  results  were  obtained  by  Qorellk  and  Mel'nichuk  from 
radar  measurement  data  (Fig.  4.21).  The  value  of  V  diminishes  more 
sharply  with  altitude  In  the  lower  500-meter  layer  of  the  atmosphere; 
In  the  middle  troposphere  0  equals,  on  the  average,  2% ;  In  the  upper 
troposphere  an  increase  In  V  with  altitude  is  noted.  The  growth  In  ip 
with  altitude  in  the  upper  troposphere  is  noted  also  from  data  of 
aircraft  Doppler  measurements  (Pinus,  1563): 

Altitude,  km  7+0.5  8  +  0.5  9  +  0.5  10  +  0.5  11  +  0.5 


ou  km/h .  11.0  13-5  10.8  14.4  8.2 

i|» .  0.127  0.190  0.165  0.195  0.11 


Monographs  by  P.  A.  Vorontsov  (i960,  1966)  give  detailed  data 
on  the  intensity  of  turbulence  and  of  pulsations  of  wind-velocity 
components  in  the  atmospheric  layer  up  to  a  height  of  300  m.  Some 
of  these  data  were  presented  in  S  1  of  this  chapter. 

We  will  now  examine  the  intensity  of  turbulence  according  to 
data  on  fluctuations  of  the  vertical  component  of  wind  velocity. 

At  the  Central  Aerologlcal  Observatory  numerous  measurements  were 


Fig.  <4.21.  The  quantity  \p 
as  a  function  of  altitude 
according  to  radar  data. 


trade  of  vertical  motions  of  air  during  flights  on  free  balloons 
(Plnuc,  1949  ,  1952).  Velocity  averaged  for  6-10  3  was  taken  condition¬ 
ally  aa  a  single  measurement.  The  studies,  conducted  in  cloudless 
weather  or  away  from  cloud3 ,  showed  that  the  distribution  of  w  with 
altitude  had,  as  a  rule,  a  laminar  character.  Besides  this,  the 
average  speed  of  ascending  motions  (w+)  did  not  always  equal  the 
average  velocities  of  descending  motions  (w_) .  As  an  example. 

Table  <4.9  presents  the  results  of  measurements  carried  out  during 
two  flights  of  free  balloons  conducted  on  12  and  31  May  19<49- 


Table  <J^_S  •  Characteristics  of  the  components 
w+  and  w  of  vertical  motions  of  air. 
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The  first  flight  was  conducted  in  the  presence  cf  cumulus 
cloudiness .  Ascending  motions  predominated  in  the  layer  up  to  1000  m. 
On  the  average  they  exceeded  1  m/s,  with  the  maximum  rates  reaching 
2  m/s.  In  the  layer  of  the  atmosphere  above  1000  m  the  average  speeds 


of  ascending  and  descending  motions  were  virtually  identical,  but 
here  the  maximum  values  reached  1-2  m/s.  The  second  flight  was 
carried  out  in  cloudless  weather  in  the  presence  of  thick  haze  up  to 
an  altitude  of  2. 0-2. 5  km.  On  the  upper  boundary  of  the  temperature 
inversion  layer  the  average  speeds  of  ascending  and  descending 

a 

motions  were  less  than  10  cm/s;  even  their  maxima  did  not  exceed 
18  cm/o .  At  high  altitudes  the  maximum  speeds  reached  50-80  cm/s. 

It  should  be  noted  that  in  these  flights,  U3  in  many  others, 
intensification  or  weakening  of  vertical  motions  had  a  "flare" 
character.  At  certain  moments  of  time  the  speeds  of  ascending  and 
descending  motions  achieved  great  values.  .  On  the  other  hand,  over 
a  prolonged  period  of  time  (especially  on  31  May)  speeds  were  below 
the  initial  sensitivity  of  the  instrumentation  (1  cm/s). 

In  many  flights  of  free  balloons  the  speeds  of  vertical  motions 
of  the  air  reached  2. 5-3*0  m/s,  but  on  the  average  they  comprised 
30-50  cm/s  in  the  daylight  hours  and  2-15  cm/s  at  night.  Changes  in 
the  sign  (direction)  of  speeds  had  an  unordered  nature;  however,  they 
were  sometimes  periodic ,  with  a  broad  range  of  period  values.  In  80% 
of  the  case3  they  did  not  exceed  120  3.  It  was  noted  also  that 
high  speeds  preserved  their  sign  (direction)  longer. 

Figure  *4.22  shows  the  recurrence  of  speeds  of  vertical  motions 
for  zones  with  developed  turbulence  at  altitudes  of  1000-3000  m, 
measured  during  the  flight  of  two  free  balloons  on  25-26  July  19^9. 

From  this  figure  it  is  evident  that  the  distribution  curves  for  w+ 
and  w  have,  in  general,  a  symmetrical  character.  Similar  distribu¬ 
tions  were  obtained  in  other  flights,  although  asymmetrical  distri¬ 
butions  of  w+  and  w_  were  observed  quite  frequently.  As  investigations 
showed,  the  degree  of  asymmetry  is  determined  by  the  magnitude  and  , 

frequency  of  maximum  values  of  speeds  of  ascending  or  descending 
gusts  of  air.  In  the  overwhelming  majority  of  cases  the  magnitude 
and  sign  (direction)  of  the  maximum  gu3ts  also  determine  the  ratio  , 

between  the  average  values  w+  and  w_. 
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Fig.  4.22.  Frequency  of 
w+  and  w_  according  to 

balloon  data. 

KEY:  (1)  em/s. 


Table  4.10  gives  data  on  the  average  velocities  of  ascending  and 
descending  vertical  motions  obtained  from  a  large  series  (38)  of 
flights  of  free  balloons  and  substratosphere  balloons;  the  mean  squar 
values  of  velocity  aw  at  altitudes  are  also  included. 


Table  4.10.  Distribution  of  velocity 
of  vertical  air  notions  in  altitude. 
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From  Table  4.10  it  is  evident  that  in  the  lower  layer  of  the 
atmosphere  In  cloudless  weather  v7+  >  w_  on  the  average,  and  that  this 
inequality  is  most  sharply  expressed  In  the  atmospheric  layer  up  to 
600  m,  while  in  the  1200-2000  m  layer 


From  comparison  of  she  data  in  Tables  4.4  and  4.  to  it  is  evident 
that  on  the  average  c >  ow  in  the  lower  tropusphere,  especially  at 
low  altitudes. 


Analysis  of  experimental  data  showed  that  ow  grows  with  an 
Increase  In  vertical  temperature  gradients  and  in  average  wind 
velocities  and  correlates  well  with  the  Ri  number.  According  to 
the  data  of  Ye.  K.  Verle,  the  correlation  coefficient  between  cw  and 
Ri  equals  0.8. 

In  a  flight  on  a  substratosphere  balloon  carried  out  on  18  August 
1950  measurements  of  vertical  motions  of  air  at  an  altitude  of  10, *150 
meters  in  an  isothermic-type  layer  directly  under  the  tropopause  were 
successfully  carried  out  over  a  period  of  6630  s.  Oscillograms  cf 
these  measurements  were  published  in  the  article  by  N.  Z.  Pinus  and 
V.  D.  Litvinova  (1962).  If  the  value  of  velocity  averaged  over 
approximately  20  s  is  taken  as  a  single  measurement,  the  highest 
recurrence  is  found  in  ascending  and  descending  motions  with  a  speed 
of  10-15  m/s,  while  the  maximum  values  reached  130-150  cm/s  and  more. 
In  general,  in  this  flight  the  velocities  of  vertical  motions  were 
greater  than  50  cm/s  In  50t  of  the  cases. 
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CHAPTER  5 


ATMOSPHERIC  CONVECTION  AND  THERMAL 
TURBULENCE 

One  of  the  broadest  classes  of  turbulent  motions  is  the  so-called 
thermal  turbulence,  which  represents  pulsations  of  the  vertical  speed 
of  air  caused  by  buoyancy  forces  (Archimedean  forces)  which  arise 
in  individual  segments  of  the  atmosphere.  Thus,  thermal  turbulence 
is  a  consequence  of  the  development  of  atmospheric  convection  -  i.e., 
the  displacement  of  individual  portions  of  air  caused  by  differences 
in  their  density  from  the  density  of  the  surrounding;  air.  Below  the 
condensation  level  the  greater  portion  of  the  energy  of  convection 
is  derived  from  the  thermal  energy  of  the  heated  underlying  surface. 
Convective  currents  with  which  clouds  are  associated  obtain  a 
significant  and  frequently  predominate  portion  of  their  energy  due 
to  the  realization  of  the  latent  heat  ol“  phase  ti'ansitiona  of  water. 

A  distinction  is  made  between  ordered  and  disordered  convection. 
The  first  includes  various  forms  of  cellular  circulation,  during 
which  the  flow  is  broken  down  into  regular  circulation  cells  which 
have  approximately  identical  dimensions  and  structure.  Sometimes 
these  ceils  are  closed  (for  example,  b^nard  cells)  and  sometimes 
they  are  observed  in  the  form  cf  parallel  bands  of  ascending  and 
descending  flows  oriented  along  the  wind  vector'  or  at  a  certain 
angle  to  it. 

During  disordered  convection  the  spatial  arrangement  of  individual 
convective  flows  (elements)  has  a  more  or  less  chaotic  character. 
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Outside  of  clouds  the  elements  of  convection  have  linear  dimensions 
ranging  Trom  several  centimeters  to  hundreds  of  meters,  while  the 
most  Intensive  convective  flows  inside  cumulus  and  especially  cumulo¬ 
nimbus  clouds  sometimes  have  thicknesses  of  several  kilometers.  It 
should  be  emphasized  that  during  convection  accompanied  by  phase 
transitions  of  water  the  parameters  of  the  ascending  and  descending 
flows  depend  strongly  on  these  transitions.  Condensation  leads  to  a 
growth  In  the  speed  of  tie  ascending  flow  and  the  height  to  which  It 
rices.  The  evaporation  of  drops,  on  the  other  hand,  Inhibits 
ascending  motions  but  at  the  same  time  intensifies  descending  flows. 

§  1.  DISORDERED  ATMOSPHERIC 
CONVECTION 

a.  Structure  of  Convection  Elements 

Two  concepts  concerning  the  geometric  shape  of  elements  of 
disordered  convection  -  thermals  -  are  most  widespread.  According 
to  the  fir.’t  of  these,  thermals  represent  individual,  isolated  masses 
of  air  -  so-called  bubbles.  According  to  the  other  concept,  thermals 
have  the  form  of  approximately  vertical  air  Jets.  At  present  it  can 
be  considered  to  have  been  established  that  thermals  can  be  formed 
and  exist  both  In  the  form  of  bubbles  and  as  Jets,  depending  upon  the 
thermal  and  dynamic  conditions  In  the  atmosphere  and  the  nature  of 
the  underlying  surface. 

The  hypothesis  that  the  primary  elements  of  convection  are 
isolated  volumes  of  air  was  first  put  forward  by  P.  A.  Molchanov  and 
Ye.  S.  Selezneva,  who  identified  thermals  with  large  eddies  arising 
during  the  day  in  the  upper  portion  of  the  bottom  layer  of  the 
atmosphere.  Later  a  very  similar  hypothesis  was  proposed  by  P.  Ludlam 
and  R.  Scorer  (1953)  and  developed  by  Scorer  (1957),  B.  Woodword 
(1959),  J.  Malkus  and  G.  Witt  (1959),  and  others.  They  considered 
that  the  leading  portion  of  the  bubble  has  the  form  of  a  hemisphere, 
while  the  trailing  portion  represents  a  long  train  of  relatively 
cold  air  (Fig.  5.1a).  Such  a  presentation  of  the  elements  of  con¬ 
vection  is  the  generalized  method  of  particles,  but  in  contrast  to  it 
here  the  interaction  of  the  rising  volume  of  air  with  the  surrounding 
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medium,  disrupting  the  adlabaticity  of  the  process,  is  taken  into 
account.  This  interaction  is  manifested  in  the  presence  of  turbulent 
exchange  of  momentum  and -of- other  ohuraete-r-tn ties  between  the  bubble- 
and  the  surrounding  air.  Such  a  process  is  most  active  in  the  leadln 
portion  of  the  bubble.  Such  an  exchange  "erodes"  the  bubble  and 
during  its  rise  its  boundary  layer  i3  continually  washed  away  by  the 
flow  Into  the  wake  zone  behind  the  thermal. 


Fig.  5.1.  Structure  of  a  "bubble." 
a)  diagram  of  bubble:  A  -  heated 
mau3  of  air;  B  -  wake  zone;  C  - 
erosion  layer,  b)  current  line  in 
a  rising  bubble  (per  Levine):  A  - 
circular  eddy. 

According  to  the  laboratory  and  theoretical  studies  by  R.  Scorer 
and  S.  Ronne  (1956),  B.  Woodword  (1959),  J.  Levine  (1959)  and  others, 
an  extremely  important  property  of  the  bubble  is  the  presence  within 
the  leading  portion  of  the  thermal  of  a  quasi-s tatlonary  circulation 
of  air  similar  to  a  Hill  circular  eddy  (see  Fig.  5.1b).  This  circu¬ 
lation  plays  a  stabilizing  role,  preventing  rapid  complete  mixing  of 
the  bubble  with  the  surrounding  air. 

Moot  frequently  bubbles  have  dimensions  ranging  from  several 
meters  to  tens  of  meters.  The  largest  are  formed  when  several  small 
bubbles  flow  together.  This  is  facilitated  by  the  fact  that  the 
pressure  is  somewhat  reduced  in  the  wake  of  the  bubble  and  thermals 
arc  drawn  into  the  track  of  the  so-called  mother  bubble,  rising 


earlier  than  the  followers;  the  track  has  an  area  many  times  greater 
than  the  area  of  the  bubble  cross  section. 

The  acceleration  of  bubble  rise  can  be  described  in  the  first 
approximation  by  the  equation 


•  • 

where  0  and  6n  are  the  virtual  potential  temperature  of  the  thermal 
and  of  the  ambient  medium;  K  is  the  portion  of  the  thermal  mass 
which  participates  in  exchange  with  the  surrounding  atmosphere  in  the 
course  of  a  half  cycle  (K  ^  1);  cd  is  the  drag  coefficient;  R  is 
the  bubble  radius. 


A  detailed  investigation  of  the  process  of  ascent  of  a  thermal 

in  the  atmosphere  was  undertaken  bv  C.  Priestley  (195^,  1955)*  He 

dT. 

showed  that  if  = const  (the  subscript  e  designates  the  values  of 

meteorological  elements  outside  the  thermals)  and  if  wg  *  0,  by 
ignoring  the  square  term,  which  is  very  small,  one  can  obtain  the 
following  equation  for  w: 

+  (^i  +  (-qjjjr-  +  !•)  +  tfiKj]  •  0.  (5.2) 


where  and  K 2  are  the  rates  of  mixing  for  momentum  and  heat;  and 
1<2  are  inversely  proportional  to  the  dimensions  of  the  thermal. 


Analysis  of  the  equation  (5-2)  shows  that  3mall  thermals  rise 
to  small  altitude,  where  they  approach  the  level  of  equilibrium  with 
the  ambient  medium  asymptotically.  The  total  distance  passed 
(characteristic  scale  of  buoyancy)  L  equals 


'  t  -*?-  r  ^1^1  j 

_ !_  '  « _ I 


(5.3) 


where  and  wQ  are  the  initial  heating  and  initial  rate  of  ascent 
for  the  thermal. 


19  b 


. . . . . . .  lli»>Ml> 


Equation  (5.2)  Is  valid  for  large  thermals  only  if  j j<v«- 

In  this  case  a  moving  thermal  first  Jumps  through  the  equilibrium 
-level- and- then  near  it--accompllshes  damping  oscillations  with  t he  - 
period 


<>.«> 

If  |^'|>y.  motion  is  unstable  and  w  increases  exponentially. 

Thus,  while  a  thermal  is  located  insiue  an  unstably  stratified 
layer  its  altitude  should,  theoretically,  grow  exponentially.  When 
the  thermal  ri3es  to  a  stable  layer  its  vertical  velocity  is  gradually 
reduced  and  harmonic  oscillations  appear  near  the  equilibrium  level. 

Convective  bubbles  can  be  put  in  the  category  of  freely  floating 
thermals,  since  their  displacement  in  the  atmosphere  is  not  directly 
connected  with  the  terrain  above  which  they  are  formed.  In  many 
cases  the  level  of  origin  of  the  bubbles  Is  located  not  at  the  very 
surface,  but  somewhere  inside  the  unstably  stratified  portion  of  the 
lowest  layer  of  the  atmosphere;  below  this  layer  stratification  can 
even  be  stable. 


Along  with  the  type  of  convective  elements  described  above, 
the  atmosphere  can  also  contain  convective  Jots  whose  vertical 
dimension  is  5-10  times  greater  than  their  horizontal  dimensions. 
Although  such  Jets  are  typical  mainly  for  the  internal  portion  of 
cumulus-type  clouds  (see  Chapter  8),  they  can  also  be  formed  below 
the  condensation  level.  C.  Priestley  (1964),  for  example,  arrived 
at  a  similar  conclusion  on  the  basis  of  data  from  synchronous  measure¬ 
ments  of  the  vertical  velocities  of  the  air  w  at  different  altitudes 
on  meteorological  towers.  He  found  that  pulsations  in  w  in  a  broad 
range  of  altitudes  correlated  with  one  another;  this  proves  the 
Jet  nature  of  the  convective  elements. 


195 


MMjMNmim . . 


The  theory  of  convective  Jets  was  examined  in  the  works  by 
Ya.  B.  Zel'dovich  (1937),  J.  Batchelor  (195^),  C.  Priestley  (195*», 
1955),  h.  S.  Monin  and  A.  M.  Obukhov  (195^),  I.  V.  Vaoil'chenko  (1958) 
and  other  af7  ^Both  lamlnar  and  turbulent  Jets  were  studied. 

The  base  of  the  Jet  can  be  "tied"  to  a  certain  segment  of  the 
underlying  surface  and,  thus,  can  be  fixed  or  can  be  displaced 
together  with  the  wind.  The  first  type  of  Jet  is  usually  formed 
above  strongly  heated  segments  of  the  underlying  surface,  only  If  the 
wind  speed  at  the  ground  level  is  small.  The  base  of  such  a  Jet 
(convective  tube)  is,  as  it  were,  tied  to  the  source  of  heat.  Such 
tubes,  sometimes  clearly  visible,  are  observed  particularly  frequently 
in  the  summer  above  rocky  mountain  peaks,  above  forest  fires,  over- 
volcanoes,  etc.  The  vertical  dimensions  of  Jets  which  arc  tied  to 
the  ground  can  reach  hundreds  or  even  thousands  of  meters.  If  the 
instability  in  the  convection  layer  is  great,  conveccive  Jet3 
frequently  undergo  rotation  around  the  vertical  axis  in  the  clockwise 
or  counterclockwise  direction.  The  dust  or  sand  devils  frequency 
observed  in  the  summer  in  desert  and  steppe  regions  are  examples  of 
rotating  Jets. 

If  the  wind  close  to  the  ground  Intensifies,  convective  Jets 
rir3t  bend  in  the  direction  of  the  wind  and  then  are  torn  away  from 
the  earth,  thus  being  converted  into  free-floating  thermals.  After 
breakaway  of  a  thermal  the  rising  heated  air  is  replaced  by  cooler 
air,  entering  from  above  and  from  the  sides.  After  a  certain  interval 
of  time  this  "new"  air  is  again  heated  and  the  process  of  evolution 
of  a  thermal  3tarts  over  from  the  beginning.  The  outlined  scheme 
shows  that  if  calm  conditions  are  ignored,  the  convective  elements  in 
the  lowest  layer  of  the  atmosphere  will,  probably,  sooner  or  later 
take  on  the  form  of  bubbles,  even  if  they  had  the  form  of  Jets 
beforehand . 

Diagrams  of  the  formation  and  evolution  of  thermals  are  shown 
on  Figs  .  5  •  t  and  5  •  3  • 
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b.  Experimental  Data  on  Disordered 
Atmospheric  Convection 


Observation  data  indicated  that  thermal  turbulence  -  which  means 
also  disordered  convection  -  will  have  a  clearly  expressed  diurnal 
variation.  Above  land  it  la  characterized  by  a  maximum  around  midduy 
and  by  a  minimum  at  night.  Above  seas  and  large  laker,  and  swamps  the 
diurnal  variation  is  reversed.  This  is  connected  with  the  fact  that 
here  stratification  in  the  lower  portion  of  the  boundary  layer  is 
less  stable  In  the  dark  hours.  Below  we  will  not  touch  upon  the 
characteristics  of  thermal  turbulence  above  water  surfaces. 

In  summer  during  a  cloudless  sky  after  sunrise  the  development  of 
convection  begins  first  of  all  at  tne  very  ground  surface.  Only  at 
0800-0900  is  convection  extended  over  the  entire  lowest  layer  of  the 
atmosphere  and  begin  to  penetrate  to  greater  altitude.  In  the 
midday  hours  thermals  are  detected  up  to  altitudes  of  2-2.5  km,  while 
above  tropic  deserts  the  height  may  even  reach  3-5  km.  After  1600- 
1700  convection  begins  to  weaken,  with  this  weakening  proceeding  at 
different  rates  at  different  altitudes.  This  is  explained  by  the 
fact  that  according  to  pilot  observations  several  thin  layers  with 
buffeting  are  usually  observed  in  the  boundary  layer  in  the  evening 
hours 

Experimental  data  show  that  depending  on  just  where  the 
instability  begins,  the  lower  boundary  of  the  convective  layer  can 
be  located  either  at  the  surface  of  the  earth  or  at  a  certain  height 
above  it. 

Tables  5.1  and  5.2  give  empirical  data  on  the  degree  of  stability 
of  the  atmosphere  during  the  day  with  active  development  of  convection; 
the  latter  is  Indicated  by  the  presence  of  Cu  clouds  (Table  5.1) 
or  even  Cb  clouds  (Table  5-2)  during  the  sounding  period. 

These  tables  show  that  quite  frequently  (according  to  Table  5.2, 
in  55%  of  the  cases)  the  thermal  stratification  of  the  atmosphere  is 
stable  in  the  period  of  development  of  convection  in  the  lower 
portion  of  the  boundary  layer.  In  this  case  analysis  of  Individual 
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Table  5.1.  Average  vertical  tempera¬ 
ture  gradient  during  the  day  In  the 
- — - .presence . of  cumulus  .Clauds _ (.per _ 


M.  P.  Churinova, 

1950)  . 

!  1 ) 

(  u  }  fptMUM  C.w**,  KM 

04-1 ,» 

1 A-7JI 

e 

0.17 

0.62 

0.78 

0,60 

t 

0.93 

0.06 

0.72 

0,66 

10 

0.87 

0,76 

0,84 

0,00 

12 

1.00 

0.68 

0,72 

0,62 

14 

1,16 

0,66 

0.68 

0.04 

1« 

0,80 

0.S8 

0,60 

0,80 

U 

0.W 

0,60 

0,70 

0,72 

KEY:  (1 

)  Time, 

h;  (2) 

3oundaries  of 

layers,  km. 


Table  5.2.  Frequency  (per  cent)  of 
sign  of  energy  Instability 

Em/f  ^  (f-fjrfln  p  in  different  layers  in 

a 


the  presence  of  cumulonimbus  clouds . 


t 

ID 

[V'lNUtf  CJott,  «M 

ITT*  ..  I 

MN.1t  -0,* 

0,^-ljO 

~E>Q 

27 

34 

40 

57 

~i~  0 

18 

15 

12 

5 

*<0 

66 

41 

39 

30 

Remarks .  1.  R  -  gas  constant  5  and 

Pp  -  pressure  on  the  bound¬ 
aries  of  the  layer.  2. 
Calculations  were  made  for 
cases  of  temperature  sound¬ 
ing  above  different  points 
in  the  European  territory  of 
the  USSR. 

KEY:  (1)  Boundaries  of  layers,  km; 

(2)  ground. 


soundings  :.ows  that  isothermal  or  even  inversion  distribution  of 
temperatures  occurs  on  occasion  in  the  lower  100  m.  Such  a  situation 
is  frequently  observed  in  the  morning  but  is  also  sometimes  encountered 
around  noon. 


1  1 


This  Indicates  that  It  Is  not  mandatory  that  convection  begin 
from  the  surface  of  the  earth,  but  that  It  can  arise  somewhere  within 

the  boundary  layer. _ Naturally ,  In  this  case _ bb£-..elam(i nta_aJL c onvectlon 

should  most  frequently  have  the  form  not  of  Jets,  but  of  bubbles  from 
the  very  beginning-  The  cause  of  the  beginning  of  convection  here 
may  lie  the  presence  of  a  raised  thermally  unstable  layer  or  the 
appearance  of  local  zones  of  increased  humidity  -  i.e.,  segments  of 
the  atmosphere  with  relatively  lower  density.  Spatial  fluctuations 
of  moisture  may  be  connected  with  dynamic  turbulence  developing  at 
those  altitudes  where  vertical  shears  are  great.  The  role  of 
humidity  in  the  appearance  of  convection  was  considered  by  N.  I.  Vul'- 
son  (19t3),  who  indicated,  particular,  that  it  .is  greatest  over 
reservoirs . 

On  the  basis  of  his  experimental  studies,  A.  A.  Skvortsov  (19^7) 
proposed  the  so-called  stratum  diagram  of  the  development  of  convec¬ 
tion.  First  of  all  (usually  in  the  morning)  small-scale  turbulence 
transfers  water  vapor  and  heat  from  the  earth  to  an  altitude  of 
50-100  m.  Later  eddies  (thermals)  of  larger  scales  are  formed  at 
this  altitude;  they  carry  heat  and  moisture  to  greater  altitudes. 

Vertical  wind  shears  «■-*£-)  play  a  double  role  in  the  convection 

process.  On  the  one  hand,  with  a  growth  In  B  the  intensity  of 
turbulence  and,  In  particular,  the  probability  of  the  appearance  of 
large  "turbulent  bodies"  capable  of  causing  the  beginning  of  convection 
is  increased.  On  the  other  hand,  as  shown,  for  example,  by  the 
theoretical  studies  of  B.  N.  Trubnikov  (i960,  Ih6l0  >  a  growth  in  6 
suppresses  the  development  of  convection.  In  each  specific  case  the 
actual  development  of  convection  is  determined  by  the  ratio  of  the 
Indicated  effects  of  vertical  wind  shear. 

The  spatial  structure  of  thermals  was  studied  by  W.  Qeorgil, 

C.  Priestley,  H.  aufm  Kampe  and  H.  Weickmann,  Yu.  V.  Chernov,  and 
others.  Figure  5.^  gives  data  on  the  structure  of  thermals  under  the 
lower  edge  of  cumulus  clouds  per  aufm  Kampe  and  Weickmann.  The 
thermals  have  the  form  of  "sausages,"  with  the  vertical  speed  of  the 
air  being  maximum  in  their  axial  portion.  The  fact  that  within  the 
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period  of  20  min  two  thermals  with  a  length  of  about  2.5  km  and 
width  ranging  from  500  to  1000  m  rise  through  one  and  the  same 
"channel"  at  an  average  speed  of  about  2  in/s  in  clear  on  the  figure. 

Figure  5*5  shows  the  distribution  of  vertical  velocities  under 
Cu  with  weak  winds  at  ground  level;  this  distribution  war.  obtained  by 
W.  Georgli.  The  complex  structure  of  the  w  field,  characteristic  for 
disordered  convection,  is  clearly  visible. 


( 2 )  i  h  e  o  m  a  l 1 ) 
HUH.  tocc  3000  3000m 

0  ( - i - - 1 


Fig.  5.^.  Structure  of 
ascending  flows  in  a 
thermal  (per  aufm  Kampe 
and  Weickmnnn).  The  zone 
of  descending  motions  is 
shaded . 

KEY:  (1)  Altitude;  (2) 

minutes;  (3)  Time;  (4) 

E  on  the  left  and  W  on 
tiie  right;  (5)  23  June 
1937. 


Uut 


l  _ , 

-.jo  e0  to  vo  0 

- -3  (5) 
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According  to  data  by  A.  Yates  (1953),  who  studied  thermals  by 
means  of  gliders,  above  segments  of  heated  soil  about  2  km^  in  area 
a  single  thermal  is  formed  every  5-15  min;  these  appear  most  often 
in  the  form  of  bubbles.  The  frequency  of  thermal  appearance  depends 
on  the  terrain  relief,  wind  speed,  the  thermophysical  character¬ 
istics  of  the  soil,  etc.  We  will  note  that  the  studies  by  Yates, 

P.  A.  Vorontsov  (1940),  and  others  shewed  that  thermals  are  formed 
particularly  frequently  above  segments  where  the  characteristics  of 
the  underlying  surface  change  sharply. 
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Pie.  5.5.  Distribution  of  vertical  flows  above  a  5-km-long  seg¬ 
ment.  23  June  1937  (per  Georgii).  a)  section  from  west  to  east; 
b)  section  from  south  to  north.  1  -  descending  flow  with  speed 
greater  than  2  m/s;  2  -  -2  m/r.  <_  w  <_  0 ;  3  -  0  ^  w  £  2  m/s;  - 
2  m/s  <_  w  3  m/s ;  5  -  w  >  3  m/3 . 

The  number  of  parameters  which  determine  the  structure  of 
elements  of  atmospheric  convection  Include  their  dimensions,  the 
distribution  of  temperatures  ar.d  vertical  speeds  of  air  inside  the 
thermals,  etc.  Instrument  investigations  which  permit,  with  one  or 
another  degree  of  completeness,  the  determination  of  values  of  such 
parameters  for  thermals  located  above  the  lowest  layer  of  the  atmos¬ 
phere  but  below  the  condensation  level  have  been  carried  out,  for 
example,  by  D.  James  (1953).  A.  Yates  (1953),  and  N.  I.  Vul'fson 
(1961a).  Interesting  materials  on  the  dimensions  of  thermals  and 
vertical  speeds  of  air-  within  them  were  obtained  by  Yu.  V.  Chernov 
(1965,).  Gome  data  on  the  structure  of  the  field  of  the  turbulence 
coefficient  in  the  upper  portion  of  the  boundary  layer  under  convection 
conditions  were  obtained  by  N.  Z.  Pinus  (3965). 

The  studies  by  James  and  Yates  were  carried  out  directly  under 
the  rase  of  cumulus  clouds.  Much  broader  studies  wore  carried  out 
by  Vul'fson,  who  made  measurements  both  in  thermals  located  above 
the  condensation  level  and  Inside  cumulus  clouds.  The  measurements 
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were  made  daring  horizontal  flight  on  a  laboratory  aircraft  equipped 
with  a  low-inertia  high-sensitivity  thermometer,  a  piezoelectric 
accelerograph ,  and  other  instruments. 

Figure  5.6  shows  the  densities  of  the  distribution  of  probability.' 
of  horizontal  dimensions  of  thermals.  Since  it  was  impossible  to 
determine  the  shape  of  thermals  during  flights  on  a  single  aircraft, 
the  calculation  was  carried  out  in  two  variants  -  for  bubbles 
(ellipsoids  of  revolution)  and  for  Jets.  As  is  evident  from  Fig.  5.6, 
the  horizontal  dimensions  of  thermals  vary  in  wide  limits.  The 
most  probable  lengths  of  their  diameters  lie  in  the  range  from  30-^u 
to  70-80  m,  but  in  individual  cases  can  exceed  these  values  by  10-15 
times . 


Fig.  5.6.  Distribution 
of  convective  flows 
with  respect  to  dimen¬ 
sions.  1  -  "bubbles," 

2  -  Jets. 


5  ■ 


The  relative  area  or  relative  volume  of  ascending  flows  equals 
approximately  0.21;  therefore  If  we  assume  that,  the  descending 
compensating  flows  are  realized  outside  the  zone  of  ascending  flews 
uniformly  throughout  the  entire  space,  their  speed  should  be,  on  the 
average,  ^-5  times  less  than  the  speed  of  the  ascending  flows. 

Table  5.3  shows  how  the  parameters  of  thermals  vary  with 
altitude . 

From  Table  5-3  it  is  clear  that  thermals  grow  quite  rapidly  with 
altitude  In  the  layer  from  10  to  50  m,  while  above  this  they  remain 
virtually  unchanged.  The  concentration  of  thermals  is  reduced 
comparatively  rapidly  with  altitude.  As  compared  with  the  10-meter 
level,  the  concentration  of  Jets  is  reduced  by  in  times  at  the  1000- 
meter  level  and  that  of  bubble,  by  mere  than  30  times.  The  relative 
area  occupied  by  the  thermals  changes  appropriately. 
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Table  5.3*  Change  in  average  dimensions,  con¬ 
centration,  and  relative  area  (volume)  of 
thermals  with  altitude  (per  N.  I.  Vul'fson, 
1961). 
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6  180 
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68 

58 

S2 
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0,32 
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70 

61 

40 

620 

0.27 
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72 

64 

29 

334 

0,21 

'XXjO 

1409 

74 

6S 

29 

298 

0,20 

3000 

523 

61 

74 

20 

203 

0,19 

Remarks .  1.  Under  "dimensions  of  thermals" 

understand  lengths  of  the  diameters 
of  Jets  or  the  horizontal  axes  of 
ellipsoids.  2.  n  is  the  ratio  of 
the  length  of  horizontal  axes  of 
ellipsoids  to  the  vertical  axes. 

KEY:  (1)  Altitude,  in;  (2)  Number  of  measure¬ 

ments;  (3)  Average  thermal  sizes,  m;  (4)  Con¬ 
centration  of  thermals;  (5)  Relative  area  or 
volume  of  thermals;  (6)  Jets;  (7)  bubbles;  (8) 

Jetc/km3;  (9)  1/m  bubbles/km^. 


Table  5.4  gives  data  on  the  amount  by  which  temperatures  in  the 
center  of  the  thermal  exceed  those  outside  it. 


Table  5.4.  Average  excess  of  temperature 
(AT0)  in  the  center  of  thermals  at  different 
altitudes  (per  N .  I .  Vul 1 fson ,  1961). _ 
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0,10 

0,10 

0,54 

0,18 

0,19 

0,18 

i 

0,1* 

0,11 

0,10 

0,09 

0,17 

KEY:  (1)  Type  of  thermal;  (?)  Altitude,  m; 

(3)  Jet ;  (4)  Bubble. 


The  data  in  the  table  were  calculated  from  the  results  o^  both 
midday  and  morning  and  evening  measurements;  at  the  latter  times  the 
height  of  rise  of  thermals  and  their  "overheating"  are  least.  There 
fore  data  on  AT  at  z  >  500  m  are  understated.  It  should  be  noted 
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that  the  dimensions  of  thermals,  their  overheating,  and  also  the 
height  and  speed  of  rise  have  a  maximum  in  the  daylight  hour:;. 

It  la  Interesting  that  the  Vul'fson  data  Indicate  that  ascending 
flows  are  not  only  warmer  but  also  more  humid  than  the  surrounding 
air.  This  is  apparently  explained  by  the  fact  that  the  dimensions  of 
zones  of  nonuniformity  of  the  atmospheric  refraction  coefficient  and 
zones  of  temperature  excess  vary  approximately  parallel  with  altitude 
(see,  for  example,  Pakhomov,  Pinus,  Snmeter,  I960). 

Measurement  results  made  it  possible  to  establish  the  shape  of 
the  curve  representing  AT°  and  w  in  a  Jet  with  radius  R  as  functions 
of  altitude  above  ground  level,  z,  and  of  distance  from  the  axis  of 
the  thermal,  r.  If  z  is  measured  in  meters,  then 

t  -- 

ir.sri.i2  1  (l  — ^r)  .  (5.5) 

•  (5-6) 

We  will  note  that  the  form  of  formulas  (5*5)  and  (5.6)  agrees 
well  with  the  laws  w(z,  r)  and  AT(z,  r)  proposed  earlier  by  A.  S.  Monin 
and  A.  M.  Obukhov  (195*0,  J.  Batchelor  (195*0,  and  C.  Priestley  (1959), 
who  considered  a  theoretical  model  of  spontaneous  (t.e.,  arbitrarily 
appearing)  turbulent  Jets. 

A  comparatively  great  number  of  studies  of  convective  flows 
have  been  carried  out  on  gliders.  Unfortunately,  as  a  rule  these 
studies  are  limited  to  qualitative  evaluations  of  the  width  ana,  more 
rarely,  the  vertical  velocity  of  those  thermals  within  which  glider 
ascents  were  accomplished.  The  Tew  instrument  Investigations  include 
the  work  carried  out  in  1962-1963  under  the  leadership  of  Yu.  V. 

Chernov  (1966). 

More  than  200  passes  through  thermals  were  carried  out  on  the 
L-13  "Blanlk"  glider,  equipped  with  measuring  apparatus  which  made 
it  possible  to  determine  the  speed  and  temperature  of  vertical  flows. 


r 
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These  through-flights  were  accomplished  with  the  control  elements 
fixed  in  one  of  the  planes  of  symmetry  of  the  thermal  (the  working 
hypothesis  used  was  that  of  the  axisymmetrical  nature  of  ascending 
flows).  The  laboratory-glider  was  guided  to  the  center  of  the 
thermal  by  means  of  another  glider  of  the  same  type.  To  determine 
the  center  of  the  flow,  thermometers  were  installed  on  the  wlrigtipo 
and  the  difference  between  their  temperatures,  AT",  was  recorded. 
Obviously,  during  passage  of  the  glider  to  the  center  of  the  flow 
AT*  =»  0. 


.Itudy  of  the  connection  between  trie  maximum  vertical  velocity 

v:  and  thermal  diameter  D  showed  that  w__„  generally  grows  with  a 

max  max 

growth  in  D. 


Analysis  of  Individual  through- flights  confirmed  the  axisymmetri¬ 
cal  nature  of  thermals:  the  maximum  speeds  of  flow  are  observed  in 
the  center  of  the  flow,  while  a  loop  of  descending  motions  is  usually 
observed  along  with  the  ascending  flow.  Characteristically,  in  79 JC 
of  the  cases  a  zone  with  approximately  constant  vertical  velocities 
was  observed  Instead  of  a  sharp  maximum  of  w  on  the  axis  of  the  ther¬ 
mal.  In  narrow  flows  it  occupied  10?  of  the  diameter  of  the  thermals, 
while  in  broad  flows  it  took  up  32?. 


f/WOC  lHL  1/tOOlH 
ICO 


experiment,  t5.0  h). 
m/cbx  =  m/s. 


h;  H  .  i'I.IH  c 


Pig.  9.7.  Accumulated 
recurrences  of  ascending 
and  descending  air  flows 
per  1  h  of  flight  and  per 
100  km  of  route  according 
to  data  from  a  1963  experi¬ 
ment,  in  comparison  with 
results  of  1962  studies. 

1  -  recurrence  of  flows  per 
100  km  of  route  Hp  (data 
from  1963  experiment  based 
on  a  planned  route  of  26^6 
km);  2  -  recurrence  cf 
flows  per  1  h  of  flight, 

(data  from  ly 6 3  ''periment 
5;l.9  ii  in  volume*;  3  -  the 
same  (daca  from  1962 
d.max;  s.na-.ic  =  a.  max; 
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Figure  5*7  shows  the  cumulative  frequencies  of  maximum  veloci¬ 
ties  of  ascending  (wo  )  and  descending  (w.  )  flows  per  1  h  of 

flight  and  per  100  km  of  route.  The  increased  frequency  of  ascending 
flows  noticeable  in  the  1962  materials  is  a  consequence  of  the  fact 
that  in  this  year  the  flights  were  carried  out  by  more  highly 
qualified  glider  pilots,  better  able  to  pick  out  the  /.ones  in  which 
w  >  0  was  observed. 

§  2.  CELLULAR  CONVECTION 

Along  with  gravitational-shear  waves  (see  Chapter  6),  cellular 
convection  is  one  of  those  forms  of  quasi-ordered  mesoscalar  atmos¬ 
pheric  motions  in  which  loss  of  stability  is  accompanied  by  intensive 
generation  of  turbulence.  We  will  also  note  that  while  crossing  of 
a  zone  of  cellular  convection  aircraft  experience  variable  cyclic 
overloads  whose  influence  on  controllability  and  strength  of  aircraft 
and  helicopters  frequently  exceeds  the  influence  of  "ordinary" 
turbulence . 

Although  cellular  convection  ts  quite  frequently  encountered 
above  the  boundary  layer  of  the  atmosphere',  as  yet  the  accumulation 
of  experimental  data  on  this  subject  is  inadequate.  This  is  connected 
basically  with  the  difficulty  of  finding  convective  zones  only  if 
clouds  are  absent  from  them.  Besides  this,  frequently  even  in  tnose 
cases  when  clouds  are  present  it  is  virtually  impossible  to  distinguish 
bv  external  indications  gravitat ional-shear  waves  and  the  so-called 
two-ulmensional  cells  which  are  characterised  by  bands  of  ascending 
arid  descending  flows  which  are  extended  in  the  direction  of  the  wind 
shear  vector.  Therefore  the  basic  data  on  the  physical  laws  inherent 
to  cellular  convection  have  been  obtained  by  means  of  laboratory 
experiments,  which  show  the  following. 


'At  ground  level  ordered  convection  usually  cannot  develop  due 
to  the  perturbing  Influence  of  nonuniformifies  of  the  underlying 
surface  and  the  strong  development  of  dynamic  turbulence  here. 
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1)  the  existence  of  cellular  convection  requires  that  the 
vortical  gradient  of  temperature  in  its  layer  exceed  a  certain 
critical  magnitude  which  depends  basically  on  the  thickness  of  the 
convective  layer  and  the  intensity  of  turbulent  diffusion; 

2)  the  shape  of  the  forming  cells,  their  dimensions,  the 
direction  of  vertical  motions  In  different  parts  of  the  cell,  and 
other  characteristics  of  circulation  depend  on  the  thickness  of  the 
convection  layer  and  on  the  physical  properties  of  the  air.  An 
essential  role  is  also  played  by  temperature  and  wind  stratification 
of  the  atmosphere  at  the  altitudes  where  convection  is  developing. 

Convective  cells  are  moved  along  with  the  wind,  while  their 
characteristics  change  quite  rapidly  with  time.  Observations  of 
cloudiness  arising  in  the  cell  zones  have  shown  that  the  entire  cycle 
from  appearance  of  cells  to  complete  dissipation  usually  occurs 
within  10-20  min.  However,  in  certain  cases  the  cells  may  be 
retained  for  hours  without  noticeable  changes. 

The  theory  of  cellular  convection  was  developed  in  works  by  a 
number  of  scientists,  beginning  with  Rayleigh  and  H.  Jeffries 
[Geof fries ] .  A  detailed  survey  of  the  obtained  results  can,  for 
example,  be  found  in  the  article  by  B.  N.  Trubnikov  ( 1 9 6 T )  . 

In  the  classical  theory  of  cellular  convection  use  Is  made  of 
the  system  of  equations  of  hydrothermodynamics  of  the  atmosphere 
with  consideration  of  the  simplified  theory  of  free  convection;  the 
essence  of  the  latter  lies  in  the  assumption  that  air  is  incompress¬ 
ible  and  its  density  changes  only  due  to  changes  In  temperature. 
Considering,  In  addition,  the  speeds  of  convective  motions  to  be 
small  as  compared  with  the  basic  unperturbed  state,  it  is  possible  by 
using  the  complete  system  of  equations  of  hydrothermodynamics  of  the 
atmosphere  for  a  viscous  medium  to  obtain  an  equation  for  determining 
vertical  velocity: 


v)(4  -  v»). 
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(5.7) 


!• 
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where  Pr®*  —  is  the  Prandtl  number  (v  is  turbulent  viscosity  of  the 

x 

air,  k  is  coefficient  of  temperature  conductivity);  *'  -,5r  +  J&  + 
+  k-jjj-.  Vi-V*  —  k'gj-,  R«  is  the  Rayleigh  number  (yg  and  y 

are  the  adiabatic  and  actual  vertical  temperature  gradients). 


Since  (5.7)  is  a  sixth  order  equation,  six  boundary  conditions 
in  altitude  should  be  assigned  for  its  solution.  Considering  that 
convection  is  developed  in  a  layer  with  thickness  h  between  two  free 
surfaces,  we  assign  these  conditions  in  the  form 
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(5.8) 


The  relationships  in  (5.8),  as  is  easily  seen,  follow  from  the 
fact  that  tangential  viscous  stresses  are  absent  on  the  free  surfaces. 


With  boundary  conditions  (5*8),  equation  (5*7)  makes  it  possible 
to  describe  motion  in  cells  of  different  3hapes.  As  an  example  we 
will  examine  its  solution  for  shells  which  have  a  rectilinear  form 
In  the  plane.  In  this  case 

tr  tr0  sin  /-*  -  j  cos  (Q^t)  cos  (0,y)  exp  («/).  (5.9) 


where  Q,  =  — Q,  =  are  the  wave  numbers  along  the  axes  ox  and  oy 

Lx  Ly 

(L  ,  L  are  the  distances  between  cell  centers)  and  wn  is  the-  speed 

A  jr  U 

at  the  center  of  the  cell.  Substituting  (5.9)  into  (5.7),  we  obtain 
a  quadratic  equation  for  the  eigenvalues  of  n: 


«J  +  <Pf  +  D ia?  *J)  n  +  Pr  [(a-  +  *?);  -  ]  0. 


(5.10) 


where 


*1  + 


o* 

wy  . 


It  Is  known  from  the  theory  of  hydrodynamic  stability  that  the 
solution  of  (5.9)  will  be  stable  with  respect  to  small  oscillations 
If  all  eigenvalues  have  negative  real  parts.  According  to  equation 
(5.10),  the  so-called  boundary  motion  which  corresponds  to  n  *  0  and 
which  separates  regions  of  stable  and  unstable  perturbations  from  one 
another  is  possible  when 


(9.11) 

When  h,  *c ,  v  and  T  are  fixed,  equation  (5.11)  can  be  used  for  unique 
determination  of  the  distance  between  the  centers  of  cells  and  that 
minimum  critical  temperature  gradient  y  whose  achievement  marks 
the  breaking  down  of  the  flow  into  cells. 

To  find  y  from  (5.11)  we  will  use  the  fact  that  the  boundary 

H  p 

regime  corresponds  to  the  minimum  value  of  Ra,  i.e.,  to  the  condition 

=  from  which  Ra*p  =*  n‘  *  657.  From  this 
a{a')  4 

(Y  ~  T.U  -  ~h'  ~jli~  - 657  gl-  (5.12) 

and,  consequently,  for  cellular  circulation  to  exist  it  is  necessary 
that  the  following  inequality  be  fulfilled: 


(5.12a) 

^  2 

k  *  10  cm  /s ,  then 

Formulas  (5.12)  and  (5.12a)  were  obtained  on  the  assumption  that 
Coriolus  force  dees  not  influence  the  convection  process.  As 
indicated  by  L.  S.  Qandin  (19^7),  Coriolus  force  increases  stability; 
as  a  result  the  development  of  cellular  circulation  on  the  rotating 
ea-'ch  requires  a  certain  large  vertical  temperature  gradient,  which 
follows  from  equation  (5.12a).  Also,  in  this  case  horizontal  dimen¬ 
sions  of  the  cells  are  reduced. 


-~T.>«57 


«r 


If,  for  example,  T  *■  250°K,  h  =  100  m,  v  = 


Y  -  Y  =  0.02  deg/100  m. 
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When  RaKp  is  maintained  stationary,  each  cell  represents  an 

Isolated  region  with  Independent  closed  air  circulation.  However, 

as  a  result  of  linearization  of  the  initial  system  of  equations  and 

the  indeterminate  nature  of  the  connection  between  ft  and  Cl  ,  the 

**  y 

classical  theory  of  cellular  convection  docs  not  permit  unique 
determination  of  the  form  of  the  appearing  cells  or  on  the  magnitude 
and  sign  of  the  vertical  speed  at  their  centers.  Therefore  these 
characteristics  were  determined  by  means  of  laboratory  experiments. 
It  was  found  that  where  the  average  speed  of  flow  In  the  convection 
layer  does  not  change  with  altitude  or,  which  is  the  same  thing  In 
principle,  is  equal  to  zero  in  it,  two  types  of  cells  are  formed 
most  frequently  -  hexagonal  (top  view)  and  round. 


The  horizontal  distribution  of  w  within  cells  of  different 
forms  was  studied  in  detail  by  A.  Pellew  and  R.  Southwell  (19*0). 

It  was  found  that  In  the  framework  of  classical  theory  (without 
consideration  of  the  effect  of  Coriolus  force)  hexagonal  cells 
(the  so-called  Bgnard) are  characterized  by  the  wavelength  X  *  3.77  h, 
while  for  round  cells  X  -  2.16  h;  here  X  in  the  first  case  is  the 
doubled  length  of  the  side  of  a  regular  hexagon,  while  in  the  second 
case  it  equals  the  diameter  of  a  circle. 

In  Btfnard  cells 


^^,.n(^)[>coS(,^,)cos(^y)  + 

+«» (-£**)]• 


(5.13) 


while  in  circular  (cylindrical)  cells , 


/  W  \  /  / 
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(5.1*) 


lIn  formula  (5.13)  n  3  1 ;  this  corresponds  to  the  basic  vibration 
tone  which  is  excited  at  minimum  Ra  .  In  this  case  a  single  convec- 

H  P 

tive  layer  arises;  on  its  boundaries  w  =  0. 
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where  Jq  Is  a  zero-order  Bessel  funotlon.  We  will  note  that  If  w  Is 
known,  by  expressing  u  and  v  through  w  in  the  Initial  system  of 
equations  it  is  possible  to  determine  also  the  distribution  of 
horizontal  components  of  air  velocity  inside  the  cells. 

Judging  by  data  from  observations  of  clouds  forming  in  zones  of 
cellular  convection,  horizontal  dimensions  of  atmospheric  cells  usuallv 
comprise  several  kilometers1,  while  the  ratio  1/h  comprises  about 
throe.  Unique  cellular  clouds  (Cu  inammatus)  can  be  observed  on  the 
lower  surface  of  cumulonimbus  clouds.  They  have  an  eroded  [trans¬ 
lation  not  verified  -  translator]  form  with  a  descending  flow  In  the 
center  of  the  cell. 

Above  we  examined  the  characteristics  of  convection  for  the  case 
when  there  is  no  wind  in  the  convective  layer  or  when  its  velocity 
and  direction  do  not  vary  with  altitude.  Such  a  situation  Is  rarely 
encountered  in  the  atmospheric  layers  from  h  >  500-1000  m.  The 
question  of  the  influence  of  vertical  shear  on  the  development  of 
convection  has  not  as  yet  been  finally  resolved.  Thus,  L.  S.  Gandin 
( 1 9 14 7 )  showed2  that  if  the  direction  of  the  wind  and  the  convective 
layer  remains  unchanged  (or  changes  little)  but  its  velocity  depends 
on  altitude,  two-dimensional  ceils  will  be  formed  (Fig.  5.8);  these 
represent  longitudinal  bands  of  ascending  and  descending  motions 
stretched  out  in  the  direction  of  the  wind.  They  also  indicate  that 
if  both  the  speed  and  direction  of  the  wind  change  sharply  In  the 
convective  layer,  cellular  circulation  clearly  cannot  arise. 

Ye.  F.  Vorob'yeva  and  B.  N.  Trubnikov  (1967)  studied  the 
structure  of  cellular  convection  for  the  case  when  the  wind  vector 
can  be  broken  down  into  two  components  in  such  a  way  that  one  of  them 
docs  not  change  with  altitude,  while  the  vertical  profile  of  the 
second  has  non-zero  curvature  (uf  ^O).  Calculations  show  that  in 


'Here  we  are  not  concerned  with  large-scale  cellular  convection 
whose  elements  (as  is  evident  from  photographs  of  the  cloud  cover 
from  artificial  earth  satellites)  have  horizontal  dimensions  of 
several  tens  of  kilometers. 

2Gandin  does  not  introduce  strict  proof  of  his  conclusions, 
Uniting  himself  to  qualitative  considerations. 
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this  case  two-dimensional  cells  extended  along  iiat  wind  component 
whose  curvature  differs  from  zero  will  be  form-  i . 


Fig.  5.8.  Diagram  of  cellular  circula¬ 
tion  near  the  upper  boundary  of  laminar 
cloud.n  (per  V.  A.  Zaytsev  and  A.  A. 
Ledokhovl  ch)  .  hj  -  thickness-  of  clouds 

h.,  -  thickness  of  the  above-cLoud  layer 

in  which  cellular  circulation  ia 
noticed  (100-200  m) ;  h^  -  thickness  of 

cloud  layer  in  which  cellular  circula¬ 
tion  ia  noticed  (50-100  m)  ;  Ik  -  layer 
of  air  in  which  periodic  oscillations 
of  temperature  along  the  horizontal  are 
distinguished  ( 1 530—  30 0  m):  T  -  heat; 

X  -  cold;  wavelength  X  ■  890  m. 


In  conclusion  we  will  pause  briefly  on  the  connection  of  cellula 
convection  with  turbulence.  We  can  assume  that  during  loss  of 
stability  by  cells  the  energy  of  cellular  circulation  should  serve 
as  a  source  of  turbulent  energy.  Since  cellular  circulation  can  be 
regarded  as  the  result  of  the  interference  of  several  standing 
gravitational  waves  (Haman,  1962),  in  all  probability  the  stability 
criteria  developed  for  these  waves  (see  Chapter  6)  will  be  valid  for 
such  circulation  in  the  first  approximation.  This  means,  in  particu¬ 
lar,  that  the  shorter  the  waves,  the  leas  stable  they  will  be. 


From  equation  (5-11)  it  follows  that  during  boundary  motion  the 

p 

size  of  cells  (a  )  is  uniquely  determined  by  Ha  ,  .  A  different 

M  p 

picture  should  be  observed  if  Ra  >  lia  -  i.e.,  y  >  v  .  In  this 

HP  ’  up 

ease  the  so-called  supercritical  regime  appear;;;  in  this  case  two 
systems  of  cells  correspond  to  each  value  of  Ra.  One  of  these  has 
smaller  X  than  that  found  in  the  boundary  regime  (Zierep,  1959).  It 
is  evident  that  in  this  case  transition  from  cellular  circulation  to 
small-scale  turbulent  pulsations  w  ia  favored.  This  assumption 
requires  experimental  checking. 
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CHAPTER  6 


WAVES  AND  ATMOSPHERIC  TURBULENCE 

Periodic  motions,  Including  in  particular  waves  and  cellular 
convection,  are  one  of  the  most  widespread  forms  of  mesoscalar 
atmospheric  motions.  They  are  of  considerable  interest  both  in 
themselves  and  also  in  connection  with  the  fact  that  their  loss  of 
stability  leads  to  the  appearance  of  turbulent  eddy  formations  of  all 
scales.  Thus,  frontal  cyclones  and  anticyclones  are  connected  with 
degradation  of  waves  hundreds  or  even  thousands  of  kilometers  ir. 
length,  while  comparatively  small  eddies  which  cause,  In  particular, 
buffeting  of  aircraft,  apparently  arise  due  to  the  degradation  of 
so-called  short  waves,  whose  length  usually  does  not  exceed  a  few 
kilometers  and  whose  dynamics  are  not  affected  by  the  deflecting 
force  of  the  earth's  rotation. 

If  we  ignore  acoustic  waves  arising  due  to  the  compressibility 
of  air,  atmospheric  short  waves  can  be  broken  down  into  gravitational 
waves  and  gravitational-shear  waves.  The  first  arise  under  the 
action  of  gravity  and  develop  due  to  the  potential  energy  of  the 
position  uf  particles  of  the  air,  if  the  latter,  for  one  reason  or 
another,  are  removed  from  the  equilibrium  state.  Gravitational-shear 
waves  (tne  so-called  Helmholtz  waves)  are  also  formed  under1  the 
action  of  gravity,  but  appear  when  a  tangential  break  in  wind  velocity 
Is  observed  near  the  boundary  surface,  along  with  a  sharp  change 
(jumpwise  at  the  boundary)  in  the  density  of  the  air1. 


'Generally  speaking,  waves  can  arise  also  in  the  presence  of  a 
discontinuity  in  wind  velocity  alone  (the  so-called  shear  waves). 
However,  as  we  will  show  below,  they  are  unstable  -  l.e.,  they  cannot 
be  observed  in  the  stationary  state. 


The  moat  widespread  type  of  gravitational  waves  are  waves  formed 
during  flow  over  mountains  -  the  so-called  mountain  or  obstacle  waves. 
In  the  free  atmosphere  a  discontinuity  in  density  is  observed  most 
frequently  in  zones  where  there  is  a  simultaneous  sharp  change  in 
wind  velocity;  for  example,  this  is  typical  for  atmospheric  fronts, 
the  tropopause  layer,  abovc-cloud  inversions,  etc.  Therefore  it  is 
not  gravitational  waves,  but  gravitational-shear  waves  which  arise 
most  frequently  under  these  conditions;  we  will  pause  first  of  all 
on  the  description  of  gravitational-shear  waves. 

i  1.  GRAVITATIONAL-SHEAR  WAVES 

a.  Principal  Characteristics  of 
Stationary  Waves 

We  will  pause  first  on  the  connection  between  the  principal 
characteristics  of  stationary  waves  (their  length  X,  phase  velocity 
c,  and  amplitude  A)  and  discontinuities  in  the  temperature  or  density 
of  the  atmosphere;  we  will  also  consider  the  discontinuity  in  wind 
velocity  near  the  boundary  surface.  In  this  case  we  will  limit 
ourselves  to  examination  of  internal  wave:;,  since  waves  on  a  free 
surface  are  not  typical  for  the  atmosphere. 

The  most  substantial  results  of  studies  of  gravitational-shear 
waves  are  found  in  the  works  by  D.  L.  Laykhtman  (19-47),  B.  Haurwitz 
(1951),  L.  S.  Garidln  (1957,  1958)  and  K.  Naito  (  1966).  In  all  these 
works  it  Is  assir  d  that  waves  develop  as  a  .result  of  the  imposition 
of  small  wave  perturbations  on  a  basic  horizontal  flow  of  an  ideal 
fluid.  Since  only  short  waves  were  examined,  the  deflecting  force 
of  the  earth's  rotation  was  not  considered  daring  compilation  of  the 
equations  of  motion.1  In  addition,  the  process  was  considered  to  be 
adiabatic . 

*In  particular,  such  an  assumption  means  that  the  boundary 
should  be  horizontal  in  the  unperturbed  state. 
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If  we  assume  that  the  basic  motion  is  stationary  and,  in 
addition,  its  characteristics  do  not  depend  on  the  horizontal 
coordinates  but  vary  only  with  altitude  z,  the  equations  of  small 
oscillations  can  be  written  in  the  form 
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(6.1) 


The  first  three  equations  of  system  (6.1)  were  obtained  from  the 
equations  of  motion,  while  the  fourth  and  fifth  were  derived  from 
the  equations  of  continuity  and  the  equations  of  the  inflow  of  heat, 
respectively.  Here  u,  v,  and  w  are  velocity  components;  t  is  time; 
p  is  air  density;  p  is  pressure;  k  ■  cp/cv  is  the  ratio  of  heat 
capacities;  and  g  is  the  acceleration  of  gravity.  Lines  above  the 
symbols  designate  characteristics  of  the  principal  notion,  while  the 
prime  s; gns  indicate  characteristics  of  small  perturbations.  System 
(6.1)  ccnsists  of  linear  equations  with  respect  to  unknowns  (u',  v', 
w  '  ,  etc.). 


The  following  boundary  conditions  are  normally  used  during  the 
solution  of  system  (6.1).  First  of  all  it  Is  assumed  that  the 
components  of  velocity  along  the  normal  to  the  boundary  surface  are 
identical  on  both  sides  of  the  latter  -  i.e.,  there  is  no  mixing 
here.  Secondly,  on  the  boundary  surface  the  pressure  is  assumed  to 
be  continuous.  Besides  this,  all  functions  should  be  limited  at 
infinity . 


D.  L.  Laykhtman  (19^7)  defined  the  characteristic::  cf  plane 
aves  for  the  case  when  the  basic  flow  on  both  sides  of  the  boundary 


. '"H'np . . «r . . . m-  imfimviMimr  *^<riir>yi*!yyww^t^iiqp^ 


surface  Is  directed  along  the  axis  ox,  while  the  potential  temperature 
0  varies  linearly  with  altitude.  On  the  boundary  surface  z  ■  0  wind 
velocity,  temperature,  and  the  potential  temperature  gradient  all 
undergo  discontinuity. 

The  characteristics  of  the  waver,  were  sought  in  the  form 

u'  —  u,  (ff)  sin  2«  -~~'j , 

Iff)  co*  2«(-i - f  j, 

P‘"  Pi (z)  *,n  -* - f). 

P* »- p,(ff)  *ln  2« 

(6.2) 

where  x  is  the  period;  X  is  wavelength;  A  is  oscillation  amplitude. 

By  substituting  (6.2)  Into  the  system  (6.1)  and  by  Ignoring 
infinitesimal  quantities  of  higher  order,  it  is  possible  to  obtain 
an  ordinary  differential  equation  for  momentum 

-(7^ b'h  °*  (6-3) 

where  0  =  0  =  -—-  ic  the  wave  number;  c  —  is  the  phase  velocity. 

dz  A  T 

Using  the  boundary  conditions,  from  (6.i)  It  can  be  found  that 

(* ) ~  *  e*P  1  [  “  -t  +  V-r + 21  -  ]  *  I : X 

X  -p.(0)(ff  —  u,), 

w,(z)^Aqx p  ( [•-  t-  -  J/"t  +  c’  “  Tt—i-y]  *}  X 

X27.(0)(c-u.).  (f-'O 

where  the  subscripts  "n"  and  "u"  relate  to  layers  located  below  and 
above  the  boundary  surface.  The  connection  between  c  and  ft  lr 
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determined  by  the  dispersion  equation 


;.<0><c  -«.(■[->  +  / T+O’-pSw]- 

-"*[ft.(0)~?.<0)].  (6.5) 

r-'rom  equations  ( 6 .  >i )  and  (5.5)  It  la  clear  that  vertical 
velocities  at  the  boundary  surface,  the  phase  velocity  of  wave 
propagation,  and  wavelength  depend,  other  conditions  being  equal, 
on  the  velocity  of  the  flow  and  the  density  of  the  air  on  both  sides 
of  the  boundary  surface  and  also  on  the  stability  of  stratification 
of  the  atmosphere. 

In  the  particular  case1  wher.  SH  *  B(  **  0,  i.e.,  when  the 
atmosphere  is  stratified  indifferently  on  both  3ides  of  the  boundary 
surface,  from  (6.5)  it  follows  that 
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K  Ph  (0)  -  >.  (0)  r.  (0)  4,  (0)  (um  -  U,)1 

u  p.  (0)  1-  f,  (0)  |p,  (0)  r  p-,  (0)1* 

According  to  formula  (6.6),  the  vertical  velocities  connected 
with  waves  diminish  exponentially  with  distance  from  the  boundary 
surface . 


(6.6) 

(6.6) 

(6.7) 


In  formula  (6.7),  which  determines  the  magnitude  of  phase 
velocity,  the  first  term  equals  the  weighted  mean  flow  velocity  as  a 
whole,  while  the  second  describes  the  way  in  which  the  magnitudes  of 


‘In  the  more  general  case  when  S  =  B  *6/0,  equation  (6.5) 

can  be  solved  with  respect  to  e  by  making  urn  of  tne  fact  that 
3/n  <<  l. 
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uir-denelty  and  wind-velocity  discontinuit  Less  influence  the  value  of 
c  during  transition  through  the  boundary  .'surface.  It  is  clear  that 
the  phase  velocity  is  increased  with  a  decrease  in  i!  -  l.e.f  with  a 
growth  in  wavelength  A.  It  Is  not  difficult  to  demonstrate  that  at 
X  not  exceeding  a  few  kilometers  the  phase  velocity  will  not  be  ,nore 
than  a  few  meters  per  second. 


It  is  obvious  that  at  a  certain  ratio  of  fi  and  the  discontinuin', 
in  density  and  velocity  (Ap  and  Au)  the  oy.pre.  v.  Lor:  under  the  ml 

sign  will  become  negative  on  the  boundary  surface;  this  means  that 
c  is  a  complex  quantity.  In  this  cane  motion  becomes  unstable  and 
the  waves  will  degenerate.  Below  we  will  pause  to  consider  the 
stability  of  waves  in  greater  detail. 


If  c  ■  0,  l.e.,  if  we  examine  standing  waves,  then  as  is  evident 
from  the  formulas  in  (6.2)  a  succession  of  zones  of  ascending  and 
descending  flows  is  observed  along  the  boundary  surface;  the  arrange¬ 
ment  of  these  zones  does  not  change  with  time.  Tf  (3  -  B  ■  & ,  then 

H  D 

the  length  of  such  waves  will  be 


here  A/<  =  ut —  uH.  $T  =  T„-  T„ 

surface,  while 


_ _  rn _ 

y  *  on>  i  -  v  j  p«)=] 

fo  is  the  temperature  on  the  boundary 


r  <**  r,  +  r. 


From  formula  (6.5)  It  is  clear  that  wavelength  grows  with  an 

Increase  in  wind  discontinuity  Au  and  with  a  decrease  1  r:  the 

temperature  discontinuity  AT.  Besides  this,  since  p {\u)l<$:g  (p%  1,3- 10-1  I/.m, 

Au«l  m/s),  an  increase  In  thermal  stability  Ina'-s  to  a  redact  ion  in 

A  „  .  Under  real  condition:;  X  can  varv  from  hundreds  of  meters 

c  t  a  u  a  r  a  u 

to  several  kilometers. 


ft.  IJaito  (1966)  calculated  the  phase  velocity  and  amplitudes  of 
plane  gravitat lonal-shear  v/aves  for  two-  and  three-layer  models  of 
the  atmosphere  under  the  assumption  chat  the  density  of  the  air  and 
the  wind  velocity  remained  unchanged  Inside  each  of  these  layers. 

The  assumption  that  the  density  of  air  in  one  or  another  layer  is 
independent  of  altitude  -  l.e.,  the  condition  of  quasl-incompressi  - 
h  1  lit  y  of  the  air'  -  is  a  very  rough  one  and,  thus,  the  IJaito  models 
are  less  satisfactory  than  the  Laykhtman  setup  examined  above.  How¬ 
ever,  if  the  layers  are  net  very  thick  the  quantitative  results  of 
calculations  from  the  quas i -lncompress lble  model  will  not  contain 
substantial  errors,  while  the  simplicity  of  calculations  represents 
a  definite  advantage.  Figure  6.2  shows  the  results  of  calculation 
of  phase  velocities  (c)  and  periods  (t)  by  a  three--layer  model 
(Fig.  6.1),  while  Fig.  6.3  shows  the  amplitudes  of  gravitat 1 onal-sheur 
waves  for  A^  equal  to  100,  600,  1000  and  5000  m.  The  results  of 
calculations  of  amplitude  are  given  individually  for  the  horizontal 
and  vertical  components  of  perturbations.  Four  profiles  u1  and  w' 
are  given  for  each  of  the  values  of  A^,  In  accordance  with  the  four 
values  of  phase  velocities  (see  Fig.  6.2).  The  amplitudes  are  given 
in  conditional  units.  In  the  case  A  =  100  m  the  scale  is  increased. 
Tne  degree  of  Increase  5s  shown  on  the  figures.  The  wavy  arrows 
intersecting  the  vertical  axis  show  the  zones  where  the  sign  of  the 
perturbations  changed  sharply. 

From  Fig.  6.3  it  is  clear  that  the  amplitudes  of  perturbations 
are  maximum  at  the  boundary  surface;  the  smaller  A,  the  more  rapidly 
they  diminish  with  distance  from  the  surface.  Despite  the  fact  that 
the  height  0/  the  lower  boundary  surface  rt.  comprises  a  total  of 
170  m,  at  A  =  100  n  perturbations  do  not  reach  the  surface  of  the 
e„rth,  while  at  A  -  500  m  they  do  not  reach  it  at  all  values  of 
phase  velocities.  Thus,  the  results  of  the  Naito  calculations 
explain  the  fact  (known  from  observations)  that  short  gravitational- 
shear  waves  are  rarely  observed  close  to  the  ground  surface. 

At  small  A  in  a  narrow  zone  adjacent  to  the  boundary  surface 
the  intersection  of  the  latter  is  accompanied  by  a  change  in  the 
sign  of  u'  with  an  urn changing  direction  w'  (Fig.  6.3).  Analysis  of 
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thfi  equations  describing  gravitat  1  -mal-shear  waves  for  the  three- 
layer  model  show  that  generally  spe  aking  u.',  1  :>  90°  ahea  i  of  wJ,  1  r i 
phase,  w£  and  have  Identical  phases,  and  u ^  lags  9-)U  behind  wi. 


Fig.  6.1.  Diagram  oi’  the 
three-layer  model  of  the 


wave  cone . 


Fig.  6.2.  Example  of  calculation  ''per  Malto) 
of  phase  velocities  (a)  and  periods- (b)  -of 
Internal  gravitational  wave.;.  Experimental 
data  from  Gossard  and  Munk ' are  indicated  by  a 

C I 1 0  .r?  ri  • 

ilea  Ignat  Ions :  iVcen  =  m/s;  c-.-.h  *  s. 

The  above  shows  that  orderly  circulation  develops  at  the  boundary 
surface,  as  depicted  on  Fig.  6 .  If .  The  close  circulation  cells  sho.iio 
move  j  n  a  horizontal  .direction  together  with  the  flew  existing  In 
the  boundary  surface  tone . 
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boundary  .'tu-  fare . 
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KEY  :  i'l)  Wav-:  1  <  -  h  A,  nr.  (  L* )  fhau--  velocity 
C ,  •.?./:•  ;  17)  i-rri'-.d  ;  { -:l )  Ampii  tude;  ( *j) 

Ha  tit'  oi'  ai::v;1  i  •  .1-.!  to  wave  i  orc-p.  . ;  ■'<:-)  surface  ; 
(7)  Vr.rvr appc*-;  :  u)  lower;  (lOi  upper 


Prom  T'aoie  0.  I  ele-ar-  tnat  the  . :  i  i  < .» r  ■  t  or  the  wave  tho  pp'e  a  t  o  r 

the  fiiagni  tudc  of  the  ratio  ui'  wave  an.pl  J  bud-.’  to  .\ ;  th.io  patio  ai  r.- 
grows  with  an  Lncreaae  Lii  ir  .  At  I  >.  I  '-  ,'i-ear  :-.tfv  '..nor-r.  e.f  t lie- 

wave  front  if.  nOLlerabio.  Ti.ua,  when  >,  -  Ito  m  and  u’  =  i  m/V.  the 
transition  from  the  peak  tv  lee-  t  ion  h  of  the  wave  occur:--  at  a 
distance-.-  of  50  ;a  (>■/?)  in  arprnxt  mate]  30  :.//■  and  is  accompanied 


‘Density  value:;  are  given  i  r.  relallve  -art.;. 


by  an  altitude  drop  of  60  m  (peak-to-peak) .  Naturally,  at  large  u' 
the  wave-front  steepness  will  be  still  greater.  Thanks  to  this,  even 
in  those  cases  when  c  is  real  and,  thus,  the  waves  are,  as  it  were, 
stable,  the  wave  peaks  have  a  tendency  to  periodic  reversal  (like 
ocean  waves)  and  to  the  formation  of  isolated  upswelllng  with  a 
horizontal  axis,  carried  along  by  the  common  flow.  When  c  is  real 
the  latter  remains  laminar.  Naturally,  the  described  process  should 
be  observed  frequently  in  those  atmospheric  layers  where  the  "back¬ 
ground"  turbulence  is  depressed. 

In  the  models  examined  above  plane  waves  were  studied,  while  tin: 
authors  ignored  perturbations  along  the  oy-axis.  Therefore  the  peaks 
of  waves  are  arranged  perpendicular  to  the  direction  of  the  general 
transfer  (transverse  waves).  However,  observations  showed  that  bands 
of  clouds  caused  by  ascending  motions  in  the  peaks  of  waves  are  most 
frequently  oriented  at  a  sharp  angle  to  the  wind  or  are  even  arranged 
parallel  to  it.  Naturally,  in  order  to  explain  the  indicated  empirical 
data  an  effort  was  made  to  solve  the  spatial  and  not  the  plane 
problem.  In  this  case  the  perturbations  in  the  wind  field  are  given 
in  the  form 


«)— «,cxp/<2,x-f  0^  —  /»/).  (6.9) 

where  ul  is  the  i-component  of  the  perturbation  of  the  flow  velocities; 

i  2ji  2* 

fl  ,  n  and  m  are  constants,  with  O,  =  =  -- — ,  where  L  and  L 

*  y  Li  *  y 

are  the  scales  of  length  in  the  direction  of  the  axes  c>x  and  oy . 

Studies  of  three-dimensional  waves  were  made  in  the  works  of 
Z.  Sekera  (19^8),  K.  Doi  (1962),  N.  F.  Vel'tishchev  (1965),  and 
others.  According  to  Sekera,  if  a  thin  transition  layer,  within 
which  the.  wind  speed  varies  continuously,  is  studied  instead  of  the 
boundary  surface,  from  system  (6.1)  one  can,  by  using  (6.9),  determine 
the  necessary  conditions  for  the  existence  of  waves  if  only  in  each 
of  the  layers  the  vertical  wind  shear  does  not  vary  with  altitude. 
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This  required  that 


■ir  Uh\-  (6.10) 

Oil 

V  =*-■,  i:'  t i i e  vertical  gradient  (shear)  uf  the  wind.  ’i'S . u::  , 

'  02 

"  lore  la.  the  level  where  wind  velocity  equal:',  the  speed  ol‘  the  wave' 
It  ip  necessary  that  r  t  rat !  Pleat  J  on  a)'  the  a  tnos.plier-'  he  at  least 
different.  'ihLs  conclusion  Is  In  agreement  with  empirical  data 
given  by  D.  Brunt  (1937)  and  d.  Mai  (1030);  .according  r.o  these  data 
everytime  bands  of  clouds  parallel  to  the  wind  were  observed  -  i.e., 
when  there  were  waves  In  tin-  atmosphere  directly  under  ari  Inversion 
layer  -  y  was  greater  than  y.  . 

We  will  note  also  that  according  to  formula  (6.10)  the  spatial 
arrangement  of  the  waves  at  given  y  is  determined  by  the  quantity 
.  it  ir.  clear  that  the  formation  of  transverse  waves  requires  the 
presence  of  small  wind  shear.;,  while  tin;  formation  of  longitudinal 
waves  roqui  res  large  one:;  . 

'file  upper  limit,  of  tic  value  y  -  t  should  give,  In  formula 
(6.10),  the  conditions  under  which  orderliness  of  circulation 
disappears  and  spontaneous  dev  lopment  of  turbulence  sets  in.  It 
should  be  rioted  that  apparently  tin  range  of  values  of  y  -  y  lying 
between  the  lower  and  upper  limit  is  not  great  and  therefore  insig¬ 
nificant  chang'-s  in  tin.  ,r,a !  an  mine  tv r.  (o.g.  II’  or  T)  and  lead 

to  destruction  cf  orderly  c i rculut Sou .  This,  in  particular,  p rehab. I 
explains  tiie  re  J  alive1  ran  it,-  of  undulate  clouds  and  their  short 
1  i f  e t i me . 


Following  f-ekt-ra  ,  a  r.heoroL  lea  I  evaluation  of  tin  influence  of 
temperature  and  wind  straw  i  f  1  cation  of  the  at  mo  sphere  on  the  orienta 
tion  of  waves  was  carried  out  by  K .  hoi  (1  il.  i-'.  Vo  1 ' t i shchov 


'Formula  (6.10) 


til  1  :  SSSUli.ptloll. 


Uc-'i  v-.:d  by  ."ok ora  on 


. . 


(1965),  and  others.  According  to  Vel ' tinhchev ,  waves  form  the  angle 

df  with  the  wind,  where  ifi  —  —  arclg-^-  is  the  angle  between 

*>« 

the  direction  of  the  isoline  of  equal  phases  in  the  wave  (for  example 
wave  peaks)  and  the  ox-axis,  while  is  the  angle  formed  by  wind 
direction  with  the  ox-axis: 


‘h  -  K 
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:  Af  i--  +  c 
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Lt 

A 

.  ,  I 

f  f y  Hr-teCc  +  oh] 

('4) 

h«-v  «(c) 

T 

(6.11) 


i  v«— t 

where  0*  =  — - Is  the  Dorodni  :;sy  n  parameter  (see  5  j)  , 

T  U* 

u*  A.  i*.  4.  *jl 

*  O  d*  it  '  dW  ' 


n  (dl\1  \  <Pu  \  <PT 

c  ’(rfTj  ~  LT ~dii - - n'KSr- 


(here  h  Is  the  thickness  of  the  layer  within  which  waves  are  formed) . 

Thus,  the  mutual  orientation  of  the-  wave  and  the  wind  depends  on 

the  temperature  T,  wind  velocity  u,  the  gradients  of  T  and  U,  the 

(PT  dPV 

curvature  of  their  vertical  profiles  — — ,  -  —  ,  and  the  nature  of 

dr  di- 

the  change  in  wind  direction  with  altitude 

\  di  dr  / 

Analysis  of  formula  (6.11)  showed  that  the  direction  of  waves 

d  T  f/d’  cf*® 

depends  to  the  greatest  degree  on  ,  U,  —  -and  .  while  the  role 

di  di  dr 

of  wind  velocity  shear  dli/dz  is  somewhat  smaller.  We  will  note  that 
this  conclusion  of  Vel'tl3hchev  differs  from  the  result:’,  of  the  works 
by  Sekera  and  Dol,  who  ascribe  a  determining  role  In  wave  orientation 
to  wind  shear. 
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The  most  favorable  conditions  for  tin.  development  of  waves  arise 
during  stratification  which  la  close  to  adiabatic.  If,  In  addition, 

— -  ~  =  0,  then  ^r  ■>  0  -  1  .  c  .  ,  wave:;  are  oriented  along  the 

dz  d& 

flow. 

I'.  Kinp  Ir 1  ca  l  Data  on  brnv  1  rati  nn.a  L- 
Sh^nr  Waves.  In  the  Atinsrpher-- 

Owing  to  the  fact  tht  the  study  of  waver.  In  clear  air',  when 
tnere  are  no  visible  signs  of  their  existence,  Is.  extremely  clliT1ou.lt, 
the  amount  of  such  materials  Is  ,  a:;  yet,  very  small. 

K.  llossard  and  W.  Munk  iju'n’i)  carried  out  Investiga¬ 
tions  cf  parameters  of  gravl tutlona 1 -shear  waves-  'n  clear  all-  on  trie 
California  coast  for  seven  cases  of  their  existence.  e'er  this 
purpose  they  utilised  s, vnehronous  record.' nr, j  of  hlgh-sensltivity 
ground  ml  erobaro  graph::  ,  b;>  rovar  i  o, graphs  ,  and  unemorhumbographs , 
installed  along  the  shovel  1  in* .  During  analysis  of  tin  data  materials, 
from  vertical  temperature  wind  sound!  ngs.  wore'  also  used.  Pig.  6 .  [> 
shows  an  example  of  record  ins  of  wind  and  atmospheric  pressure 
fluctuations  connected  with  the  presence  of  waves. 


0.100  Of/00  OSOO  0600  0  700 

Pig.  b  .  v  •  i’h..'t  In  aLniospiior  1  e  pressure 

and  In  wind  ini’oa.  ion  and  speed  !  r,  1 1 ,  < . 
p rc S- err..’ e  oi  g i ■; i v i 1  . • 1 .  i  o , . a .i  waves  i .  1 *.  ;W:  Ivusi' 
L'shd  ( per  ■  iv* •*. -ira  and  Hs.it) .  i  -  w  lud  ,ilroc- 
tlon;  f  -  i  ;  ..'i  •  •  ;  ■:  -  wind  speed . 

Designation::;:  •■■‘j  -  mb;  :.>■./  i  r..  =  km/!;;  j  -  vi ; 

I  ")  v'..1  ■  s  =  ”  •  ,  a  -  v..  .  •:  =  r  ■  irn  =  'c 


.-’I’d 


In  a  period  when  waves  were  observed  an  inversion  layer  was 
located  above  the  observation  region  and  the  wind  speed  was  compara¬ 
tively  small.  Data  on  parameters  of  waves  and  also  on  the  character¬ 
istics  of  the  inversion  layer  are  given  in  Table  6.2.  The  azimuth 
of  the  point  from  which  the  waves  moved  was  taken  as  the  direction  of 
v/ave  displacement. 


Table  6.2.  Parameters  of  waves  observed  In  the  period  April  1952  to 
May  1963  above  the  California  coast. 
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Remark ■  On  16  October  1952  waves  were  recorded  twice. 

KEY:  (i)  Weather;  (2)  Fog;  (3)  Clear;  (A)  Wind  speed,  m/s;  (5)  Wind 
direction;  (6)  Amplitude  of  pulsations;  (7)  of  wind,  rr./s  (deg.);  (8) 
pressure,  mb;  (9)  Period  of  oscillations,  min;  (10)  Frequency,  l/s ; 

(11)  Height  of  inversion,  m;  (12)  lower  boundary;  (13)  upper  boundary; 
(1*0  Change  in  potential  temperature  In  Inversion,  °C. 

Designations:  CC3  =>  NNW ;  CB  =  NE;  3  =  W ;  C  -  N ;  3103  =  WSW;  CCb  =  NNE; 
C3  =  NW;  UCB  *  ENE. 

Analysis  of  the  experimental  data  showed  that  the  phase  velocltie. 
of  waves  were  close  to  10  m/s  -  i.e.,  they  significantly  exceeded 
the  wind  speed.  It  is  characteristic  that  the  magnitude  of  wind 
pulsations  caused  by  the  waves  was  also  very  substantial,  especially 
on  27  July,  2  and  16  October,  and  12  May.  Wavelengths  varied  from 
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L|  t u  10  km,  with  thu  wavy  acaKa  holiii. 
dicular  to  the  wind  shear  vector. 
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taken  from  artificial  meteorol ogical  earth  satellites.  It  should, 
however,  be  mentioned  that  due  to  inadequate  ree.nl ution  (see,  for 
example,  Kondrat'yev  et  al .  ,  ly66)  satellite  photographs  provide 
data  mainly  on  comparatively  long  waves  with  X  of  several  kilometers. 


Hm 


Pig.  6.6.  Tuolines  of  wind  velocity 
deviations  Au  5  u  -  u#  In  a  zone  of  waves 
( per  Cooke ) . 


Statistical  process  inti  of  the  photographs  of  cloudy  skies  from 
the  "fires "  satellites  and  analysis  of  tine  obtained  data  carried  out 
by  Vei'tishchev  showed  that  geometrically  correct  structural  cloud 
formations  are  observed  in  approximately  155  of  the  cases,,  while 
cloud  strips,  (waves)  are  observed  In  13%  of  the  cases.  As  a  rule, 
cumulus-type  clouds  have  a  sand  structure.  The  direction  of  the  band 
most  frequently  coincides  with  the  wind  direction  in  the  lowest 
layer,  but  with  an  increase  in  altitude  the  wind  rotates  to  the 
right  with  respect  to  the  strips.  In  the  1-2  ni  layer  the  wind 
usually  Is  deflected  from  Mm;  direction  of  the  strips  by  +10°. 
Generally,  empirical  data  agree  with  the  theoretical  predictions. 

Thus ,  with  longitudinal  strips  of  cloud  the  most  frequent  observation 
is  of  temperature  gradients  on  the  order  of  0.7-0. 8  deg/100  in  -  i.e., 
virtually  adiabatic  -  while  wind  speed  is  greater  than  that  with  a 
chaotic  distribution  of  clouds,  besides  this ,  In  the  majority  of 
ca.ru  ‘no  d  ’  J  •ee  J  or.  Of  tlr-  wind  does  :i.‘t  uhani't  wit',  n  all.'  ■  :  s.  . 
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Data  cloudy  reeeiMbiln»;  those  prem-nted  -wove  an 
weeks  of  other  author:-..  Tim  si ,  on  the  ban  In  of  ana.lyn 
data  on  precipitation:-,  from  0i>  cloud:;  above  Japan,  K. 
arrived  at  tim  cone  Jus  'on  l.nat  hands  of  precipitation 
al.-.o  eloudn  -  are  clearly  .  1 1  a  U  n.-.u  1  chafe  ic  In  Ur'  of  t! 
vertical  wi  n-1  .-.near--.  L1  \  >  ■;  at  .i  km  and  In  'j  ‘j  .1  of 

k"  7  a./';-  at  l  km.  C : .  tic-  other  haul,  the  majority  <, 
arujnee  f  hand,  .mrv  rcrunled  ,  ha-ini'-,  day.:  w;  i-.- 1.  I.'  < 

fh  the  of  ‘  '  wt:..  .  :::  k;.lc  t  on,.:.  ...  I'  ;  co-el:::! 

urualjy  extended  parallel  l.o  the  wind  when  the  w  l  rid  ,rt 
with  altitude.  l-h:p..-r  J  menta  i  data  also  .-.In  wed  i  hat  if 
wind  velocity  shear  hi  run  1  I.  too-  hand.;  ... :  ’  :  ha.idc  ur-r  ; 

perpendicular  to  the  wind. 

5  2.  CRITERIA  OF  THE  STABILITY 
OF  INTERNAL  GRAV I  TAT  I ONAL - SHE AR 
WAVES  AND  THE  CONNECTION  OF 
TURBULENCE  WITH  DEGENERATING..  WAVES 
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a  ppeuri:  .  F'or  exampl  ,  in  i  hr  j . j  -  ■• .  1  :m  I  ...  r  oa. w  i.-.-ii  6 
ail  waves  for  wuich  tin  I  -  n(  ;t!:  A  •:  are  u«:  tan  1  o ,  v 
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From  formula  (  A  .  1  2  >  I'.  !  r.  c  ■  -.-ar  that  the  re,-.1  on 
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(6.13) 


Th  1 13  parameter  describes  the  Influence  of  stati  ■  liability  of 
the  atmosphere  on  the  dynamic  stability  of  flow:-,  at  ern  boundary 
surface.  The  critical  wavelength  A  is  expressed  through  f  as 
it.)  1  lows  : 


whe  t’e 


u> 


r'i  +  r 


(G.l'i) 


.  nf  (U’)i 
g  \t  ' 


(h .13) 


As  Is  evident  from  formula  (6.  Id),  A  ir, 
for  the  case  of  indifferent  strati  float  ion  (H 


tbr?  critical  wavelength 
»  0). 


From  equality  ( 6 . l'O  It  follows  that  with  a  growth  in  r  the 
critical  wavelength  is  reduced  -  ,1.0.,  the  tone  of  instability  is 
compressed.  Sinea.  r  >  0  corresponds-  to  (3  >  0 ,  with  ar.  Increase  in 
static  stability  the  dynamic  stability  will  also  grow.  When  f  <_  -1 
absolute  dynamic  instability  occurs  -  l.e.-,  Instability  of  perturba¬ 
tions  of  all  wavelengths.  The  same  tiling  is  observed  when  AT  <  0. 

L.  5.  Gan  dir.  also  studied  the  dependence  of  wave  stability  on' 
the  direction  of  propagation.  For  approximate  evaluation  ol  such  a 
relationship,  he  examined  a  two-layer  model  in  which  air  density  p 
and  o  and  the  horizontal  velocity  oomponor.t.i  u  ,  v  ard  u  .  v  are 
constant  in  each  of  the  layers. . 


We  will  set  u„  — tc„  cos  (Tn,  u,  -  u‘(  cos  ((,,  tv-'icu  sin  <fH,  v, sin  <fH,  where  $ 
and  $  are  the  angles,  ‘net ween  the  wind  and  the  ex-axis  In  each  'of 
the  layers. 


In  the  considered  case  the  phase  velocity  is. 
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where  a  la  the  angle  between  the  ox-axle  and  the  direction  of  wave* 
propagation. 


From  formula  (6.16)  it  it.  clear  that 


N’h  <-'«s  («,  —  a)  -  avos(<f,  -  a)|>, 

f.  -  f. 


(6.17) 
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Formula  (6.18)  shows  that  If  the  basic  flow;-,  are  collnoar  - 
i.o.  ,  f,  =  0  -  then  waves  propagating  along  ther-e  flow.;  are '  the  most 
unstable,  while  wave.-,  propnrating  perpendicular  to  them  are  always 
stable  (X  =  0).  if  the  ve  ioo  it  lea  of  the  ban  1  c  Clove  coincide 

K  P  . 

nr  J  F,  /  03  then  wave  a  propagal.l  rig  i  n  the  direction  of  the  !>j  sector  . 
of  the  angle  between  the  'directions  of  the  main  flews'  are  always 
stable,  while*  those  p;  opugM  ;  *i!f  i  r.  ;«  direct  iet;  perpendicular  to  it 
are  the  meet  unstable. 


Fronts  arid  the  tropopaure  are  among  the  mod  typical  boundary 
surfaces  for  the  atmosphere.  Although  formulas  (t.l*0»  (6.18) ,  etc., 
given  above  were  obtained  by  ianeLri  for  strictly  Horizontal  boundary 
surfaces,  they  an  also  he  -rod  i\r  analysis  of  the  stability  of 
waves  on  f  ronts  .and  on  the  b  ivpep'vui.fe .  •  ".'hi ...  is  connected  with  the 
fact  that  ...the  slope  of  these  boundary  surfaces  is  not  great  and  aces 
not  have  a  substantial  '  inf  die.-,,  re  on  the  lynamies  of  short  waves. 

When  considerin':  the  stability  of  the  latter  on  fronts,  I  and  can 

be  expressed  through  f  «*.?'•  «i  •;;.**.•  of  I  he  front  •«.  and  the  Co  •  Lo  Hr. 
paramo  ton  l : 
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The  wind  velocity  component  perpendicular  to  the  front  experiences 
comparatively  minor  discontinuity;  as  a  result  the  direction  of  the 
vector  of  the  wind  velocity  difference  on  both  sides  of  the  front  Is 
close  to  its  direction.  Therefore  the  appearance  of  instability  in 
greater  in  waves  propagating  along  the  front.  This  means  that  the 
greatest  amplitude  .should  be  found  for  gusts  of  wind  In  this  direction. 

7.u  the  preceding  chapters;  we  pointed  out  repeatedly  that  loss  of 
stability  by  atmospheric  waves  la  apparently  accompanied  by  the 
generation  of  3mall-scale  turbulence.  A  similar  assumption  has  been 
expressed,  in  particular,  by  0.  Phillips  (1967),  E.  rteiter  and 
A.  Burns  (1965),  and  by  others. 

Of  interest  in  this  connection  is  the  example  given  in  the 
article  by  N.  K.  Vinnichenko  (1966),  who  used  a  high-sensltivlty 
hot-wire  anemometer  (see  Chapter  2)  Installed  on  an  1L-18  laboratory 
aircraft  for  his  studies. 


ft 

I 
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The  flight  was  carried  out  at  5^00  m  in  a  zcrie  of  a  slow-moving 
secondary  front  with  waves  under  the  axis  of  the  .let  stream,  which 
was  oriented  from  the  SW  to  the  NE.  The  average  wind  speed  at  the 
flight  altitude  comprised  about  28  m/s.  Close  to  the  flight  level 
--0.6I  m/s  per  100  m;  the  change  in  wind  direction  with  altitude 

was  /jj-=3,4  deg/100  m,  and  y  *  0.6 i  deg/100  rn.  At  places  the  flight 
was  accompanied  hy  weak  buffeting  !d«lsS0,2^. 

Figure  6.7  show:;  individual  spectra  of  horizontal  wind- velocity 
component  pulsations  for  the  quiet  segment  of  the  flight  and  the 
segment  on  which  buffeting  was  observed.  Figure  6.8  shows  a  bit  of 
a  recording  of  the  hot-wire  anemometer  encompassing  the  end  of  the 
quiet  flight  segment  and  the  beginning  of  the  turbulent  section.  It 
is  clear  that,  beginning  from  a  certain  instant  of  time,  wave„ 
disappear  and  pulsations  of  wind  velocity  acquire  a  turbulent 
character.  Figure  6.7  shows  that  at  scales  close  to  2  km  there  is  a 
sharp  local  maximum  on  the  curve  of  spectral  densities;  this  is 
apparently  connected  in.  its  origin  to  trie  disruption  of  atmospheric 
waves . 
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r  1  p .  r, .  i  .  .Spectra  ot  1 1 o : ■  T  — 
zontal  wiiul-va  L o <:  1  ty  component 
pul. nations  ( p r*  N.  K.  Vinni¬ 
chenko  )  .  H  »  Shoo  in,  U  =  CK 
km/h.  1  -  lb^u.OG  hours  to 
1  70  1  .  kO  rioLir.’.  u V  quiet,  fllpiit; 
?:  -  1701.30  tiouiv.-l  711 .00  hour 
of  weak  t  i  u  l'i’u  1 1  i  u.; ,  p  redenc  c  o  1 
wave  unit.  Ion. 

KKY  :  (I.)  fUl)  fkn./li ■ 'V  rad/ki:i ; 

(7;  fa'.i/kni. 


(c  ;7vof dimuh. 30ce*. 

T  1a 

;  I  :  \J\  1  At 


i*  1  g .  0.0.  huir.nowjt  of  record I nc,  of  an  «  irPorne  hot-wi re  anemometer 
showing  wave  porturhal:  I  mu.;.  ( pur  !!.  K.  Vinnichenko). 

KtY :  (1)  3  in/.-.;  (7)  17  h  0  1  mtr;  30  ;  <3)  10  n. 

5  3.  MOUNTAIN  WAVES 


D’-irliuj  flow  over  mount  a  i  n:.  trie  l.  rue  tore  of  the  air  flow  in. 
ciiarit'ed  sharply ;  there  ch  nij'cd  may  have  el  liter  ari  ordered  or  a  random 
character  .  The  f  i  rat  type  o  t"  mot  loti;;  1  no?  ode  the  a  n-c:.  1  leu  mountain 
waver-  and  ,u:  uiit.al  n-va  1  Ley  <:  i  rculat  -  on,  rrprer.ent  lm.;  one  form  of 
me  do  -.cular  convective  tfi->l  ton.; ;  the  a  econo  type  inc Laden  turfu'i  er.ee 
aria  Inn  hath  uurinr,  lou.:  j '  Utah  1 1 1  ?.y  hy  morauu  alar  it:  it  ion::  and  aa 
a  eouaeq  uenra-  of  jynnn'o  de forma  1 1 01 1  of  the  flow  du'-irp;  Interaction 
with  th“  und  •  id  y  1  nr;  .  ur  >‘aee  .  tla1  lira  ll.v  ,  ‘die  prenenr.e  of  ail  type:; 
of  port  url, at  loo:;  in  the  winn  field  and,  oup“e.i  ally  ,  their  intonr.lty 
will  a  i ;  .  j  depend  to  one  nr  arm  Mu  r  dearer  on  the  -  derma!  dtrat  1  flca- 
tlon  af  the  at  iii.iuoneT-.  ■ .  the  attitude  and  fnr;n  if  tin:  r.-nrn-  1 ;  c. 


orientation  with  respect  to  the  wind,  etc.  A  change  in  even  one 
of  theae  factors  can  have  a  noticeable  influence  on  the  general 
character  of  the  flow  over  the  mountains.  It  should  be  noted  that 
usually  both  ordered  and  turbulent  perturbations  are  observed 
simultaneously  in  a  flow  above  mountains.  An  especially  close 
connection  is  observed  between  them  in  a  free  atmosphere,  where  loss 
of  stability  by  waves  is  apparently  the  major  source  of  turbulence. 

a.  Characteristics  of  Mountain 
Waves  ana  Their  Connection  With 
Atmospheric  Conditions 

Mountain  waves  represent  a  particular  form  of  gravitational 
waves  which  form  above  mountains  and  behind  them  (Fig.  .6.9)  If  the 
wind  blows  across  the  obstacle  or  at  an  angle  close  to  a  right  angle. 
The  length  of  these  waves  is  most  often  clone  to  10  km,  although 
In  individual  cases  it  can  vary  from  2-3  to  25-30  km.  Oscillations 
occur  near  the.  level  of  equilibrium  of  t  lie  unperturbed  portion  of 
the  flow,  with  the  source  of  perturbations  being  the  mountain  and 
the  static  stability  of  the  atmosphere  playing  '.he  rolc>  of  a  restoring 
force. 


Fig.  6.9.  Flow  lines  above  the  Sierra  Nevada 
(USA)  on  1  April  i955  (per  Holmboe  and 
Klieforth). 

The  presence  of  wind  leads  to  a  situation  in  whi  h  an  air 
particle  which  Is  displaced  upward  by  the  mountain  simultaneously 
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participates  In  oscillatory  (with  stable  ",  t  rat  1 1'  leal  1  on  )  and  trans¬ 
lational  motions  and  In  successive  moments  of’  time  Is  located  above 
different  points  of’  the  earth':;  surface.  In  tb.lr.  way  ari  air  wav: 

Is  formed;  Its  length  Is  determined  by  the  speed  ol1  the  flow  (distance 
of  horizontal  drift  per  unit,  time)  ana  by  tlw  stability  of  the 
atmosphere  (period  uf  or  cl  I  1  at  I  oris  )  . 

Thanks  o  tlic  1  er.i.  i  «-u  •  -i  r  '  s  and  undo  lut.us  clouds  which  form  In 
the  middle  ( and  •ometimes  Uwer  and  ui;:rf  i  layers  In  manats  I  n  wave: 
when  the  air  is  sufficient  Jy  humi 1 ,  it  Is  possible  that  incnintaln 
waves  can  be  detected  visually; 

The  amplitude  A  of  moun-tai  r.  waves..!.:  s  !  gri-1.fi  can M  ,v  greater  than 
the  amplitudes.,  of  Internal  p'rav  I  tat  I  "n;a  l-aiiOar  waves.  Tinas  ,  according 
•to  the -data  of  V.  Par  rhevr.Uly  (  IQh?)  ,  above, .the.  Carpathians  the 
quantity  A  reaches  several  Hundreds  of  meters ;  I.,,  Caz  (lt'ol)  recorded,, 
.an  amplitude  of  1500  n  above  the  Czechoslovak  Tatar's while  V.  A. 
T'atsayev  ( Id  64)  used'  balanced  pilot  baJL  toons  .to  stud”  waves,  wi  th 
A  ■  ?400  m  in  the  'upper  troposphere  -  In  the  Tashkent  rot'  Ion.  Approxi¬ 
mately  similar  amp  1 1  tuner,  were  recorded  dur I rnj  f'l.  .ightn  on  gl  Jdcr:; 
over  the  Rocky  Mountain.  H.'.'/i'  tec  art ’•  ole  by  ....  Mol tub. aw  and 

li .  K1  ieforth,  L-)h7 )  and  over  tin:  Alps,  (i’ranee). 

Vertical  speeds  at  tlr.  i •-  uks  and  troughs  ol  mountain  waves  can 
be  very  creat .  Thor  ,  arc.  rd  inti  to  fatsuyevu  ’  r.  date,  Vertical  speeds 
in  mountain  waver  above  1 1 , ■  .•  Ta.  nkent  rd)|Jori  reunit'd  10  m/r; ,  while 
the  data  of  American  I  nver  M gators  Indicate  f.bai.  !  Tov  rea  j.-'.ed  s'.,  a/.;, 
above  the  Cordi  llerar.  ( l 'A a  '• .  The  vai  u.e  •  of  A  and  w  are  u.:. ua  1  ly 
maximum  In  the  middle  t  r-opo.  p:»>r., . 


f  irst 


idies  of  mouulai  M 


were  earrU 


by  N.  Ve.  Kochln  (in  ;■'?),  w 
ideal  J  ncomoi’csci  hie  t' tuts 


:■>  .1  ved  flu-  problem  of  the  flow  ol'  ai: 

ui'ounrt  l  rre' :u  i  ai- i  t  ies  In  relief.  Tier 


change  fn  air  density  vnlth  al  t  J  t  use  was  ralculatod  by  present.  The:  the 
atmosphere  in  the  form  of  a  two- 1  u.ver  mod  I  urn  In  wh  l<  n  the  lower  and 
upper  layers  had  al  f  foi'eut  dens  !  tier  .  A  llriourii  this  mot  nod  did  not 
make  It  possible  to  tab”  I  th-o  ■:>.  ;  nf  lueucc  of  the 


barocllnicity  of  the  atmosphere  and  therefore  represented  a  very 
rough  idealization  of  the  problem,  the  merit  of  Kochin'a  approach 
lies  in  the  fact  that  he  was  the  first  to  use  the  assumption  that  the 
irregularity  of  the  earth's  surface  is  not  small. 

The  compressibility  of  air  was  first  taken  into  account  in  the 
problem  of  flow  above  mountains  by  A.  A.  Dorodr.1  tsyn  (1938,  1940  , 
1950).  Works  very  similar  in  statement  and  In  obtained  results  were 
carried  out  by  P.  Kino  [spelling  not  verified  -  Translator]  (1938, 

,  15 h 1 )  ,  by  G.  Lira  (1940)  ,  and  by  others.  In  the  enumerated  works 
the  subj.ect  was  stationary  flow  of  a  compressible  (baroclinlc)  ideal 
fluid  over  .a  crest.  Equations  of  motion,  the  continuity  equation, 
and-the  equation  of  heat  influx  were  taker,  as  'tne;  Initial  equations  . 
The.  system  of  these  equations  was  linearized  on  the  assumption  of 
the  smallness  of  perturbations  .introduced  by  terrain,  irregularities 
relative  to  the  Incoming  fl.ow.  ...  Solution  wac  .accomplished  by  the 
method  of  short  -waves 1  ;  Coriolis  force  -was  not  taken  into  account. 

It  should  be  noted  that,  as,.  Dcrodni t. syri  pointed'  out  (1990),  the  ’ 
linear  theory  is  suitable  only  in  the  case  when  the  height  of  the 

mountains- Is,  less  than  the  characteristic  length  L„p=»  ’ 

which  corresponds. "to  the -."natural  frequency"  of  the  flow.  In  real  -, 
conditions  L  usually  does  not-. exceed  ?.  km.  However,  as  will  be 

X  dp 

shown  below,  experimental  data  confirm  the  correctness  of  the 
qualitative  conclusions  from  linear  theory  for  higher  obstacles  as 


A.  A.  Dorodr.i tsyn  clarified  the  influence  of  baroc iini ci ty  of 
the  atmosphere  on  characteristics  of  mountain  waves  and  found  that  X 


depends  on  the  parameter  D*" : 


“  W  (T.  -  !>• 


(6  ,P0) 


*1.  A.  Kibel’  (1944)  studied  the  properties,  of  air  flows  above 
mountains  by  the  long-wave  method,  which  made  It  possible  for  him  to 
reduce  the  problem  tc  an  ordinary  (and  even  a  linear)  differential 
equat  ton . 


"TPTpnT""]'  ["TTllPIP" 
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as  the  1.  ••re 

Inl  t 

f > y  1 1  pararnut  . 
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L>‘  Is  gl  ven  by 

the 

I'dat  \  on;’ ill  p 

X,  .  - 

?n 

C  !>  .  '<■ 

1 

1  /  n.*J 

X  w  -fr- 

O  t  1  !  -■ 

!'!.w  .’uni  i.. 

i 

Is. 

Lin-  o ■  i -i \ . t !  ’I  v  !  *  w * i  v 

,  i1'!';  V>i  LU«i 

1  ’  /  * 

:  i  y  on  l.Iic 

upeed-  of  the  wind  ar.U  the  stab  11  Hy  of  sUrat  l  1'lraLlou.  In  real 
conditions  =  1,  2 ,  3  -  t.ol,  a  s.v  .  t:  i  ■  ;n  of  throe  wav  os  of  dii'l'cror.t 
lengths’  i s  formed  behind  a  ridge. 


The  amplitude  ‘of  the-  ij.avuc  is  1  risrcauud  with  a  reduct/Jon  in  r» 


1 . e . with 

a  growth  in'fJ 

‘  .'  besides- 

tills,,  for  various 

wave  syst'Ui’i 

>..  and  A, 

gr-w  rapidly  w 

1  ti i  . .in  i he ci. 

.■as, e,' In  .tiie  nuniL'er 

of  waves  ti ^  . 

Therefore 

qua  1 i tat  I vo  ly 

speak  1  "g  l;|ii 

flhw  ,,p1  stum  Is  ■ 

detornd ned 

almost;  completely  by  a  single  way-.:  ayst  "w,’  while  l  lie  rcmainl  tig  wave:; 
influence  .only.  Ur*  quant  i  to  live  character  Ist-io.-. .  •  •Wtr  will  note, that 
from  formula  (6*21  V-v  J  t  fo  1  low:;'”!;!. at  wave  a  -  may'  oxj  r.t  only  1  r;  the  oas  e 
when  iJ  0,  i.e.,  y  y.t ;  chi.-:  ino-ms  that  a  trail  flea  tiori  of  the 
atmosphere  In  stable.  iv-l.w  we  w  l  i  1  show  that  such  a  coiio  1  util  on 
Ik  correct  only  when  the  wind  velocity  ■■•or  Its-  gradient  does  not 
change. with  altitude. 


The  works,  by  n  .  A  .  be: -.Hri ;  l.sy.n  and  other  i  nvo.-.fc  i  gators  also 
pointed  toward  two  extremely  Important  p roper b lea  of  ! lews  above 
mountains  which  wore  j  at or  confirmed  by  experimental  data  -  rotation 
of  stream  linen  and  the  presence  of  unique  resonance . 


The  first  of  those  pruport  I  os  eons- 1  sts  in  the  I’.iel  that  stream 
linos  are  not  parallel  to  one  another  at  all  altitudes-' .  Abo’»e  arid 


^  in  1  o  i'e  i  ill.  wo  is  s 


called  the  .‘jeoror  pa rami..- cor . 


2 notation  of  stream  Ijrios  takes  place  both  In  Ik;  wave  io 
and  In  the  averaged  flow  corresponding,  to  the  basic  picture  of  flow 
around  an  c.-bs  t  ac  !  . 


below  certain  levels,  called  junction  [nodal? J  surfaces  or  levels 
of  rotation,  the  shapes  of  the  current  liner,  are  ml rror  images  of 
one  another;  as  a  result  of  this  zones  of  descending  motion  are 
located  above  regions  of  ascending  Qowr.,  and  vice  versa  (Fig.  6.10) 
A  natural  consequence  of  rotation  of  current*  lines  Is  the  fact  that 
the  geometric  location  of  t.he  troughs  and  peaks  of  waves  is  not 
vertical,  but  lo  slanted  along  the  flow  or  against  It;  this  can  he 
seer,  in  the  presence  of  multi  layer  lenticular!.',  clouds..  A  simple 

method  for  determining  the  altitude  of  Junction  surfaces  within 
,  n 

the  troposphere  is  described  In  the  hook  by  Sh.  A.  Musayo.l  yan  (196?) 
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Fig.  6.10.  Diagram  of  current  lines  In 
mountain  waves,  a)  per  Lira;  b)  per 
Scorer.  L  -  change  in  temperature  with 
altitude;  2  -  change  In  wind  speed  with 
altitude . 


•['"rarr.lat.or' : 

"current  lines"). 
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V-  rPcini  i  ■ 


The  Vertical  speed  hi'  ulr  above  im»untal  ns  1:’,  described  hy  the 


formula 


ihh-  *)  <r. 


.  u . 22 ) 


where  !J  l.;  average  wind  speed ;  r  *  ;;  ( x )  I;'.  5.  ho  equation  of  tin.'  surra 

oi'  the  ohr.tae  lo  in  the  « 1  4  In  the  rati;-,  of  Ir'st  capacH 

Cm 

at  constant-  pressure  ( c  )  and  constant  volume  ( t:  y )  ;  ii  in  the  height 
of  the  tropopause ,  at  wh  I  eh  w  In  not.  crpiaL  to  zero;  K  In  the1  gas 
cons  tant . 

From  formula  (6.frj)  it.  I,;  clour  that  v.nero  siri  D(rl  -  z.)  >  0,  th 
sign  of  vertical  velocity  w(z)  in  ti'io  same  in  the  gri  of  dr./dx, 
i. .  o .  ,  the  current  linen;  repeat  the  shape  of  the  mountain  profile. 
Above  tin.'  level  where  sin  11(11  -  z)  <*  0,  1  ,i- .  ,  above  the  .J  um:t:l  on 
surface ,  sin  U(H  -  z)  <  i) ;  this  means  that  rotation  of  flow  lines 
occurs,  with  the  lines  taking  on  a  configuration  which  in  the  rovers 
of  that  which  they  had  under  the  surface  w  =  U.  hi nee  with  the 
limits  of  the  troposphere  s In  d ( H  -  z)  can  have  several  zeroes , 
several  junction  surfaces  can  bo  observed  Irene;  those  are  defined  by 
the  equation 


"A5-. 


( r, . ;?  < ) 


■where  n,  =  0,  l,  ?. . 

It  Is  obvious  that  In  each  cane  1 1 ; c* f- •  ran  exist  only  a  finite 
number  of  junction  surfaces,  whose  altitude  depends  or:  the  L'oroUnlt: 
parameter  D‘‘ .  The  tii  1  cltness  of  the  zonea  forwaru  and  reverse 
vertical  flows  is  determined  clearly  by  the  relations;)',: 


•.  --  r U  ]/  -  ■  -r-  --r  . 
V  ACi«  — i) 


(C.I’ii) 


We  will  note  Chat  for-  t  / iv I  : i  cond.1  c  1  o;.-.;  !  r.  the  f  rents. inhere  4  =  f-M 


Vertical  flows  generated  by  mountains  ciiu.se  corresponding 
changer,  in  air  temperature  (Fig.  6.11).  IT  the  process  of  ascent 
and  descent  of  air  is  considered  to  be  adiabatic,  the  oscillation;; 
in  temperature  AT  are  approximately  determined  as 


A/Wf- 7.  =  *). 


(6.25) 


where  c  is  the  vortical  displacement  of  toe  current  lines.  It  is 
obvious  that  the  signs  of  temperature  perturbations  and  of  w  will  be 
opposite,  but  the  altitude  of  the  Junction  surface  in  fields  of  T 
and  w  coincide. 


6000  -8 


SOOO  L-, 


Fig.  6.11.  Field  of 
isotherms  above  the 
Suranskiy  range,  ?\ 
August  1955  (per  .'I.  M. 
Slimeter).  The  arrow 
shows  wind  direction. 


Tiie  phenomenon  of  resonance  consists  in  the  fact  that  if  X  is 
close  to  the  width  of  the  mountain,  the  amplitude  of  the  wave  (other 
conditions  being  equal)  will  be  maximum  and  may  even  exceed  the 
height  of  the  obstacle.  Thus,  waves  wit.';  large  amplitudes  may  be 
observed  over  mountains  which  are  not  particularly  high  -  for  example, 
the  Carpathians,  Tatars,  etc. 


One  of  the  basic  a  LmpLi  rioatlons  use.;  by  Dorodriltsyri  during 
solution  of  the  problem  of  mountain  wave:-  war-  the  a:;.-. umpt  Jon  that 
wind  speed  in  the  atmosphere  old  nut  change  with  altitude.  The  role 
of  vertical  wind  shear  wan  clarified  In  the  works  by  H.  S.  Scorer 
(19^9,  '1953 1  1*>5C  ) .  A 1  th<JUi'ii  isoni;  invest  ’gators  resolved  the  problem 
of  air  flow  ’.hove  mountain:;  in  u  much  more  complete  form  Inter,  we 
will  pause  on  the  re.-.ul  t.:i  oli  La  i  tied  by  fooror  In  more  detail,  wince 
they  Indicate  very  clearly  tin:  connection  c»l‘  wave;;  with  the  thermo¬ 
dynamic  conditions  I  i;  the  atmosphere  . 


dourer  examined  flow  around  an  obstacle  described  by  the  formula 


'•“"if i • 


(C.JO) 


where  h  is 

the  height  of 

the  r 

idge;  2b  Is. 

its  width;  x  is  the 

distance  from  the  ridge  t 

o  a 

1  veil  point. 

The  flow  was.,  assumed 

to 

be  laminar 

and  ir.en t rop  l.c 

;  fh-i 

Inf  1  lienee 

of  the  earth's  rotation 

war  not  considered. 

After 

ti  hUmbO !'  </  l*  i.:  1 

nip  1  1  f 

leaf  Ions  the  following  formin'!  a  was 

found  for 

the  Jt  Is  rerun  1‘uric 

t  J  0 1 1 

if : 

f  :r 

'*  l  > 

|  J±  j. 
|  .«•  • 

/  «L  oi .  i 
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where  c  .  1 

Li 

z  tno  i  c-T 

r.s.-und 

;  fl  — y<v«  — 

y);  0  —  .*■  is  the  wave 

number  in 

t*xpu:i:i  Lot;  <; i’u 

>i-t  to 

fo.2f>)  In 

Fourier  ••or'.es .  I'ho 

quantify 


o  I  oh'  ( r,  ck\ 

If'  l!  Of  ■ 


was  subsequently  failed  '.ho  f.  cover  para  wUt  . 

,  I  d'U  g& 

atmosphere  ,r  .  or-di  narily  FxD~. 

lj  d.--  Ij- 


Mliioe  in  a  free 


1  According  to  the  data  -T  A.  A.  Vh:;  l  j  ’yev  (idl’d),  in  the 
boundary  layer  the  magnitude!;  of  the  two  to  rim;  J  n  { 6 .  «?S )  are  acme- 
lime:;  cioso  In  viluio  Sim!  .1  nr  data  are  elver,  by  H.  Felts,  (  1967)  for 
the  zone  of  .let  streams. 


JMll'VHtl'M) . .  1  I  -  UPMiwifii  fipn 3gew^ma*wm»*  . . ntt  riV  -/mv****? 
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%, 
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In  (6 .27)  by  ignoring  the  term  with  --S-,  which  reflect:;  the 

influence • of  compressibility  of  the  ait-  on  the  amplitude  of  a 
perturbation  and  which  becomes  essential  only  at  large  altitudes, 
we  obtain 


££ -I- </*-*)<, 


.  o. 


(6 . 2 n  ) 


To  determine  Just  how  the  change  In  U  with  z  inf j uenees  the 
characteristics  of  waves,  Scorer  examined  a  ridge  in  a  flow  conslatln 
of  two  layers  in  each  of  which  Z^  s  const,  but  /*  ^  I*  (the  subscrlrts 
1  and  2  relate  to  the  lower  and  upper  layers,  respectively). 


The  solution  showed  that  the  existence  o:'  wave;;  required  that 
2 

the  parameter  Z  be  positive  and  be  reduced  with  aititude.  From 
formula  (6.28)  It  is  clear  that  the  latter-  is  caused  most  often  by 
a  growth  in  U,  since  the  range  o'.'  change  In  B  with  atmosphere  is 
much  narrower  than  the  rang-  of  U.  It  should  be  noted  that  from 

formula  (6.28)  it  follows  that  in  a  flow  where  -^v^O.  waves  are 

<«* 

possible  In  principle  even  during  unstable  stratification,  if  only 


jT-U 


<0,  and 


U  0i>  ^  *  Ttfi^ 


empirical  data  confirmed  the  correctness  of  the  theoretical 
conclusions  on  the  role  of  thermal  stratification  In  the  formation 
of  waves.  Thus  it  was  fours;  that  waver,  are  observe  a  most  frequently, 
during  stable  stratification,  especially  Li'  there  Is  a  layer  with 
Isothermic  or  inversion  distribution  of  temperatures  nbove  the 
mountain.  However,  waves  have  sometimes  been  observed  during 
unstable  stratification  in  the  lower  portion  of  the  troposphere . 

The  amplitudes  of  such  waves  were,  as  a  rule,  very  snail,  while  the 
length  was  comparatively  great. 


According  to  Scorer,  wavelength  A  Is  Included  between  a  maximum 
and  a  minimum  from  the  2-tt/Z  values  lr.  layers  in  which  waves  are  form;.’ 


2>  id 


As  is  evident  from  fonnuJ  :i  (C .  ?H)  ,  ti.Js  means  that  A  Is  d !  .’--cl  i y 
propurt. ionai  to  wind  vul.jii.1ty  and  In  inverse  J,v  ;n-' nnri.  1  uria  i  to  the 
.stability  of  stratification. 


0.  Corby  and  C.  Wa  l  i  l  up;  ion  (10'jG)  iieneraJ  i  sod  the  results  n !' 
the  Scorer  st.uules  !  ri  order  to  determine  the  aits!  Haider  of  rimind  a  1  n 


wav--.;  .  They 
alt;  fide  Z  Id' 
of  t::i:  fiev; 


showed  that  the  deflect 
vm  the  I  r  :  ■ ;  a : ;  I'll  :• !  a;::  |>d 
i;  dot  ern !  iv.-d  r\-  i.i.o  for 


on  of  ill--  current  line:-  r„  at 
It;;:;  '  : .  VI,"  an:.-'  i V  urhed  •  i •  ‘  • 


(  h  .  J'l 


where  li.j  ,  U  are  the  speed  >f  t  ho  wind  at  Li:o  i’l'uiimi  and  a'  level 

'fi.o.  tr.u  are  the  stream  function;-,  for  the  correspond!  np;  love!  , 

sat  i  n  fy  in.ri  equation  '  h .  d’/a )  .  The  maxi  mum  vert  leal  voLecLty  In  the 

wave,  v;  ,  corrcMp-.niln  to  th-  Je  f  I  ee  1 1  <a.  point  •',  : 

’mux’  1  a 


ML  ’  -**». 

j  ■i.iiH;  -  iii, ax  | 


...  vd'l  )  '■ 


y  Lr.se  U  and  *!>  art;  funet  iors-;  of  ,  the  anpi.’  lades  of  the  waves 
depend  also  on  the  vertical  profile-  f  the  v:  i  r.-.-l  In  the  atmosphere . 
With  an  Identical  prof  i  i  o  l",  tin  t.rcale..  t  amplitudes  w  1  j  i  occur 
.1  n  those  cases  when  ;l  ,  is  erauhest  -  I  .e.  ,  waves  arc  more  intensive 

i  • 

with  strong  wi  ads  at  around  :<••/.„•  ;  ,  ',••••  will  not  that  ••tipi  r  i  cal  dat. 

show  that  the  appearance  <>f  wav..;  Is  nsrt.aliv  •  .hse rvod  if  the  w  1  r.d 

speed  at  the  i..-vcl  oi’  the  ri  age  exceed.;  a  <r  :•»••»  in  eri  1 1  oa'I  tiann  It  ad 

,  .  Asove  lower  no. ist a i rs  ( mount  1  i  r;  ;  In  •  nr  i  a:  ,i ,  tiic  dr  Liaeai. 

j.  h|i  ■' 

mountains  ,  the  French  A>ss,  etc.)  v> ,  ::  a-Lu  .  Active  higher 

rani?'"-.; ,  such  as  the  Co  id  i  ;  i  ora  ,  If .  >  'r  in/.'. 

I.  i  i  ■  — 


p  ;i  t, 


The  factor  hbe”"  describes  the  influence  of  Luc  height  and. 
width  of  the  range  on  the  amplitude  of  displacement:;  of  current 
lines.  The  higher  the  mountain  (l.e.,  the  larger  It),  the  greater 
the  amplitude.  Besides,  this,  the  quantity  he”^J  !r.  maximum  If  b  *  fi  *. 

When  flow  occurs  over  a  ranee  around  Its  upwind  slope  a  region 
of  Increased  pressure  arises,  while  during,  flow  or;  the  ioo  side  thet'" 
is  a  region  of  reduced  pressure,  As  a  result  counter!’ lows  arise  at 
ground  level  behind  the  range ;  these  are  accompanied  by  trie  formation 
of  eddies  with  a  horizontal  axis  -  rotors.  According  to  observation 
data  the  dimensions  of  such  rotors  may  reach  0. 5-1.0  km.  Rotors 
are  periodically  "stripped  away"  from  the  slope  and  float  .away  with 
the  flow,  whiie  new  rotors  arise  in  their  place. 

According  to  J .  Forehtgoti  (ij'iQ),  a  lee  rotor  located  directly 
behind  a  ridge  is  subjected  to  tne  basic  ’low  In  tire  same  manner 
as  a  solid  obstacle  would  he.  naturally,  in  this  case  the  "effective" 
width  of  the  mountain  is  increased. 

The  characteristics  of  mountain  waves  given  above  were  obtained 
for  the  case  when  the  motion  can  be  considered  plane;  s his  condition 
is  satisfactorily  fulfilled  only  if  waves  develop  near  long  ranges 
whose  altitude  changes  little  from  point  to  point.  The  theory  of 
three-dimensional  mountain  waves  was  developed  by  Scorer  (  1953  . 

1954,  1950,  I.  A.  Kibe l'  (1955),  Sh.  A.  musayelyan  ( 19**0 ) ,  M. 

Wurtelc  (1957),  Ye.  M.  Pekellx  (1965,  ±966),  and  others.  These 
studies  showed  that  near  short  ranges  and  especially  tear  monoliths, 
wave  perturbations  arise  not  only  in  the  vertical  plane  hut  also  in 
the  field  of  the  horizontal  component  of  wind,  propagating  away  from 
the  mountain  and  down  along;  the  flow.  .June Hot:  surfaces  are  also 
"farmed  in  the  field  of  horizontal  waves;  the  magnitude  of  wind 
perturbations  on  these  equals  zero.  Along  with  this,  the  character- 


sties  of  waves  in  the  vertical  t-larie 


also  somewhat  different 


than  during  plane  flow  around  an  obstacle  (especially  in  direct 
proximity  to  the  .•aountaln) .  !n  particular,  waves  arc  formed  not  oni; 
along  the  flow  but  also  acres:  r , 
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The  ehanacterlst  It;  «r  the  p  roo.e-  •  r  op.'ii  ini  flow  around  ru 

-obstacle  Is  a  cohaequer.ee  cf  the  fact  trot;  in  thin  ear.  :-  toe  onc-nnlne 
flow  |.aaret  partly  over  the  obstacle  and  partly  a 'lour.  1'r.  aide.;.  At 
the  numerical  calculations  of  fc-kelis  .-.how-ed,  thanlrs  to  tills  spllttin. 
of  ins  flow  tile  perturhat  I  on.:-  i-i.-hlnd  '.In-  mc  untulr.  infer  for’'1  ,  -,-lt'- 
viuvi-s  l.niMiv  L  Tying  cash.  ,.>tli.-‘r  at  placed  and  attenuating  eu.ili  other 
■m.  ;\  I  aues  .  '.’are*,  ail  f  1  o  -.-  a  round  a  mountal  n  from  the  ;  ldo::.  - 

»  reduction  tin-  irn;;  air  .•  treai;-:  beyond  5  f  -  lead;-  to 

a  ruda-et  Lon  in  the  amp !  1  tier;  <:T  wav.-.  n:.:l  to  theli-  onini-a.rnt  1  ve.l  y 
rapid  damping  downward ; along  the  flow.  Tala  process;  Is  intensified 

;  2 

with  a  growth  'jn  L  'fin*  greate-.t  amp] ;  tude-s  should  be  observed 
above  trie  Ice  ;;lop*.*V--  'hit';/ .  grow  w '-th  a  .-lowth  in  height  of  the 
obat<v.l'e  i  ul  though  the  growth  Is  more  ru-id  than  that  of  the  obstacle- 
•  height. 

Empirical  data  snovn  -.i  that  the  fro  t.uc-ncy  and  amplitude'  of 
mountain  'Waves  around  reinf !  vely  low  loounta  I  ns  undergo  a  diurnal  and 
annual  variation,  basically  u-srt  ei-nil  t.ed  ny  the  corresponding  changes 
in  the  Dorodii  l  tsyu-feor..-  r  parameter  arid  it:-  vert  leal  grad lent. 

;Oi-di  nar i  ly  the  mu *. i .iiuni  amn  i  1  '.ndes  are  obsyr-ved'  in  the  morning  and 
evening.  Tiielr  daily  -iii  ul-iu'-i  Is  t--.  rmccicu  mainly  with  che  fact  that 
at  tlii.;;  time  the  stability  of  s  trull  float  tc  ri  close  to  the  mountain 
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influenced  substantially  by  the  diurnal  variation  In  the  difference 
between  the  temperatures  of  the  mountain  surface  and  the  surrounding 
air.  If  the  mountain  is  warmer  than  the  air,  which  is  typical  for 
rocky  peaks  during  the  day,  the  amplitude  of  the  waves  is  reduced. 
Above  roc  .y  peaks  at  night  and  above  snow  during  the  day  the  waves, 
on  the  other  hand,  are  intensified  because  the  mountain  is  colder 
than  the  surrounding  air.  Trubnikov  showed  that  the  above-indicated 
pattern  is  confirmed  by  the  oaily  variation  In  occurrence  of  lentleu- 
larls  clouds  located  in  the  peaks  of  the  waves. 

We  will  pause  briefly  on  the  spatial  extent  of  zones  of  mountain 
waves.  Behind  a  ridge  downward  along  the  flow  the  amplitude  of 
waves  diminishes  rapidly;  both  theoretical  and  experimental  data 
Indicate  that  by  the  third-fifth  wave  the  amplitude  becomes  negligibly 
small. 

The  height  of  propagation  of  waves  even  above  comparatively 
low  mountains  is  apparently  very  great.  Thus,  in  the  Northern 
Alps  a  number  of  flights  were  made  in  mountain  waves  on  gliders  up 
to  altitudes  of  9-10  km;  flights  were  made  above  the  Sierra. Nevaaa 
(USA)  up  to  15-14  km,  and  so  on.  These  altitudes  are  n6t  maximum. 
According  to  h.  Stomer  (lb-48)  even  ever  Scandinavia,  whe^e  the  height 
of  mountains  does  not  exceed  2.5  km,  waves  are  observed  up  to  an 
altitude  of  22  km  and  even  more.  I.  Xatar.s  (  1958)  [spelling  not 
verified  -  Translator]  reported  observing  mother-of-pearl  clouds 
similar  in  shape  to  the  mountains  in  1950  over'  Alaska  at  altitudes 
of  18-24  km. 

Unfortunately  at  present  theoretical  evaluation  of  the  vertical 
dimensions  of  the  wave  zone  is  still  Impossible.  This  is  connected 
with  the  fact  that  the  altitude  at. which  the  calculations  indicate 
the  waves  attenuate  varies  strongly  as  a  function  of  the  particular 
boundary  conditions  relating  to  the  z-axis  ,  method  of  calculating 
the  presence  of  the  stratosphere,  etc.,  whi-cii  are  used  in  the  various 
works . 


An  1  uterus  ting  i>ietlu>d  i>r  taking  Ini''  imt  the  I  nfl  ue;  co  of 

the  tropopause  on  punct  ml  1  on  of  waver.  Into  the'  stratosphere  was 
proposed  by  ii.  I'alrn  (IdAd),  It.  M.  Trubnlkov  (lv(;(<)»  and.  others.  The 
showed  that  propagation  of  gravitational  waver,  within  the  zone  of 
atmospheric  boundary  surfaces  Ir  subject,  to  laws  similar  to  the  law.; 
of  iwof-ioti'le  opt  i oo  .  It;  particular,  under  certain  c.-nd  1 1 1  our. 
dole  mined  by  the  value.;  of  the  Dorodnl  tr.yri-.'b'oror  parameter  on  both 
rider,  of  the  boundary  surface  the  1  roonp.m;- e )  ,  waver,  may  bit 

pari iailv  rol'aM;  b;tl  IVotr.  1 1  ■  ■  .  or  I'a  . 


L’he  coefficient  of  "transparency"  fur  the  t rupopause  equals 
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who  re  0  ir.  the  buttle  of  incidence  of  the  wave  on  the  tropopause ,  will 
the  subscript:.;  1  and  /  relate-  to  tiio  troposphere  and  stratosphere, 

respectively.  The  quant  1  t.v  (  **•)  Is  tin.  "refractive  index"  cl’  the 
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waves  weaken  with  transfer  into  the  stratosphere ,  nevertheless  the 
tropopause  Is  not,  as  a  rule,  absolutely  opaque  to  Vacua. 


b.  Turbulence  in  a  Zone  of 
Mountain  Waves 


A  cone  of  taeur.tr  in  waves  cut;  I  e  broken  down  into  two  parts  - 
a  lower,  ranging  apt--.;  x  I  tail  • !  y  1  row  tin-  hare  of  the  i  ac.io  *.<■  t! 
levv.-  of  its  upper  odin-,  impel-  part  runring  from  the  upper 
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lower  portion  of  the  wave  zone  1g  characterized  by  the  presence  of 
rotors  (see  section  "a"  of  this  chapter) »  with  which  extremely  strong 
turbulence  Is  normally  connected. 

Experimental  inves tigations  carried  out  in  France  and  In  the 
USA  showed  that  within  the  rotors  w  goes  to  10  m/s;  the  velocities  of 
horizontal  gusts  are  also  very  great.  Characteristically  "additional" 
large  (but  smaller1  than  the  rotors)  eddies  are  formed  close  to  the 
rotors;  rotation  within  these  eddies  does  not  necessarily  proceed 
around  the  horizontal  axis  (see  the  article  by  M.  Berenger  and 
N.  Gerbier,  1956). 

Above  the  rotor  zone  turbulence  weakens,  but  vertical  and 
horizontal  turbulent  gusts  are  observed  here  quite  frequently.  Thus, 
turbulence  was  recorded  in  20  out  of  66  flights  in  the  wave  zone 
carried  out  by  S.  Pilsbury  (1955)  over  England.  We  can  assume  that 
it  Is  generated  here  by  wind  shear’s  caused  by  wave  motions  in  the 
horizontal  plane;  these  are  Imposed  on  the  unperturbed  wind  profile. 
Rerenger  and  Gerbier  established  that  If  the  wave  zone  at  a  certain 
altitude  above  mountains  contains  a  thin  layer  In  which  wind  speed 
Is  sharply  weakened,  waves  will  decay  into  large  eddies  within  it; 
this  layer  then  becomes  the  upper  boundary  of  wave  propagation. 
Turbulence  also  arises  in  layers  where  wind  spe°d  grows  sharply1. 
Figure  6.12  shows  diagrams  of  lee  waves  with  different  forms  of  the 
vertical  wind  prof'le. 

As  pointed  out  by  M.  Dereuger  arid  h .  Gerbier  (  1956)  and  by 
J .  heuttner  (195?) »  the  transition  from  wave  motion  to  turbulent 
motion  frequently  occurs  very  rapidly.  They  connect  such  a  transition 
with  loss  of  stability  by  waves;  ir.  particular,  this  is  indicated 
by  the  fact  that  it  frequently  is  observed  in  cases  when  the  waves 
are  very  short  (usually  A  <  2  km)  -  l.c:.,  when  they  are  least  stable. 
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‘When  speaking  of  J ntensl f ' cation  or  weakening  of  the  wind,  we 
have  in  mind  (as  iri  5  3)  the  wi.d  component  normal  to  the  ridge. 


oooooooooooo 


ooo-' 

Fitj.  6.1':'.  Lee  wav-:.;  and  >  tir!  iiU.-nci-  {per 
Do  render*  and  a-.  ei' )  .  1  -  turbul  c  nf  . 

The*  vertical  wind  tx*o  fi  !«•  la  t\  ivc-n  on  the 
1  eft . 


According  to  Keuttm*r  •  it'C-B)  and  .*!  .  Koitr.  (lliOY),  normally  an 
iiicrwar.e  In  clear- a  I  r  turbu  L  >_*  n  t:  <-■  in  the  '/one  r*t'  Jet  streams  above 
the  Hock.v  Mount  ulna  <  A )  ; connected  v;i  t:i  r»aur:ta  i  rs  waves  ;  In  till 
area  w  valued  .  f  l.'O  •.»/■:•  i  'on  recorded  ,  w  lvl.  horizontal 

extent  of  gusto  cornpi'1 :  is?*;  ai-eut  d  kin .  Inure, a. turouJ  once  J  ;*. 
comet  lines  observed  In  the  d*-i of  waves  above  3  nve  ton  layers  .  i 
is  possible  that  the  inteiinii'i  cat of  turbulence  dope  to  the 
tropopause  it  connected  vith  tin.-  effect  cii.  nri-iherl  above  of  partial 
reflection  of  mountain  waves  from  the  tropopause .  Darlr. it  Inter fer 
between  forward  ami  reverse  von  a  sharp  increase  In  oscillation 
amplitude  is  possible,  '.-/bile  in  Indl  v’.iua)  canes  tr.fci-e  may  be  in.-.* 
of  "total  wave"  stability. 


c.  Turbulence  on  the  Lee  Side  cf 
Mountain.". 


Above  we  examined  turbulence  arising  in  the  zone  of  mountain 
waves  because  of  loss  of  stability  by  the  waves.  However,  turbulence 
above  mountain  regions  arlso-s  more  frequently  from  other  causes,  or 
these  the  main  cause  Is  the  formation  of  eddies  nr;  the  lee  slope  as 
the  result  of  dynamic  Interaction  of  the  flow  with  the  relief.  The 
intensity  of  turbulence  is  increased  with  an  Increase  in  wind  strength 
and  with  a  growth  in  steepness  of  the  slopes.  This  is  connected  with 
the  fact  that  both  of  these  factors  facilitate  convergence  of  the  wind 
above  the  ridge,  thus  increasing  turbul lzat Lon  of  the  flow  running 
onto  the  ridge.  Even  above  such  a  comparatively  smooth  range  as  the 
Euramskiy,  vertical  wind  shears  arising  in  the  convergence  layer  can 
exceed  5  m/s  per  100  m  (as  shown  by  A.  Kh.  Khrgian  (1058)).  It  is 
ouvious  that  such  large  wind  shear:;  should  facilitate  loss  of  stability 
of  the  flow  In  the  convergence  zone. 

Especially  strong  perturbations  arise  If  the  flow  is  incident 
not  on  an  individual  height,  but  on  an  obstacle  consisting  of  a  large 
quantity  of  them.  In  this  ease,  according  to  D.  L.  baykhtman  and 
r, .  K.  Byutr.er  (1965),  mountains  form  a  unique  turtulizing  grid. 

Energy  of  turbulence  is  generated  In  a  layer  ranging  from  a  certain 
level  h  up  to  the  peak,  while  above  this  turbulence  is  conditioned 
basically  by  downward  diffusion  of  eddies.  Wit!;  stable  stratification 
the  energy  of  turbulence  diminishes  with  upward  diffusion  owing  to 
expenditure  of  energy  on  counteracting  buoyancy  forces  and  also  due 
to  dissipation  into  heal . 


Proceeding  from  dimensionality  considerations,  Laykntman  and 

Byutner  found  that  at  height  z  above  low  mountains  the  mean  square 

_  0 

gust  l  ness  of  the  flow  U'*'  Is  determined  by  the  formula 


(6.83) 


where  )  *-s  a  certain  function  determined  experimental  iy  ;  1  s 

the  characteristic  scale  of  cidier  and  is  dependent  en  the  .  |  L.  ;• 


the  mountains,  while  A*  is  a  parameter  having  the  >11  men:'  I mia  1  1  l.y  of 
length  and  equalling 
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wfeiv  !<  j  the  radial  Ion  bn  Lance . 

Fivm  formula  ( 6 .  3^0  '• 1  i  clear'  hut  at.  a  von  he  l  girl  tin- 
Intensity  of  turbulence  '.!••;>■  ,•  i  ■  i  ■  or.  wind  .  •  ,  eddy  s  t:n  !  <• ,  un.J  ’.ho 

radiation  balance.  Thu  dependence  on  the  latter  la  a  consequence  of 
the  fact  that  stratification  of  the  atmosphere  is  connected  with  it; 
this  moans  that  the  Intensity  of  thermal,  turbulence,  whose  contri¬ 
bution  is  especially  great  with  weak  winds,  Is  also  connected  to  the 
radiation  balance. 

Thermal  c t rat  1 f 1  cat j on  has  the  greatest  Influence  on  turbulence 
above  mountains .  Thu  lower  the  stability  the  greater  the  altitude 
to  which  eddies  diffusing  upward  can  be  lifted. 

The  dimensions  of  the  cone  of  orographic  turbulence  are  very 
great.  According  to  data  from  ‘5.  M.  Jhmetur  (l«?»i8 ,  LdbOa)  ,  the 
vertical  extent  of  such  cones  can  exceed  the  height  of  the  obstacle 
by  3-^  times.  The  horizom  ui  dimensions  of  turbulent  regions  are 
especially  great.  Even  aboV”  mountains  1-2  1cm  in  height  they  reach 
values  of  several  tons  of  1: 1  lomoters .  This  is  connected  with  the 
fact  that  the  transfer'  of  odd ! es  arising  close  to  the  ridge  by  the 
wind  can  be  accompanied  by  disruption  of  flow  stability  at  a  sigslfi 
cant  distance  from  the  mountain  massif.  if  the  flow  is  located  on 
the  boundary  of  unstable  -qui Librium,  such  odd J  vs  burin  to  play  the 
role  of  "initial  turbulence,"  generating  the  subsequent  development 
o  (  turbulent  motions  which  cannot  at  this  point  '■‘.c  considered 
cornr.  let, sly  arc-graphic  . 

3 (.nit’  ideas  of  lue  distance  at  which  tne  port mbing  action 
high  mountains  infl  lienees  air'  flows  can  hr-  ol>*  a  1  i.ed  "rum  da l a  or: 
aircraft  loif  fptirig  above  Yerevan .  '"dene  data  .  ,-w  th.ui  during  s.  trust/; 


i  . 


southwest  winds  at  altitudes  up  to  4-5  kn  observation  of  bumping  is 
the  rule.  Its  Intensity  is  especially  great  In  summer,  when  stratifi¬ 
cation  of  the  atmosphere  in  thi3  layer  is  close  to  indifferent. 
Increased  turbulence  above  Yerevan  Is  obviously  connected  with  the 
fact  that  the  high  mountains  Greater  Ararat  (5156  m)  and  Little 
Ararat  (391*1  m)  are  located  40-50  km  to  the  33VJ  of  the  city.  The 
deformation  of  southwest  flows  above  them  causes  an  Increase  in  the 
turbulence  of  the  atmosphere  h»  low  the  level  of  the  upper  edge  of  the 
mountains . 

Figure  6.13  shows  an  example  of  typical  structure  of  a  turbulent 
zone  above  mountains.  Above  the  lee  slope  a  region  of  very  intensive 
turbulence  with  w  ■>  b  m/s  Is  clearly  visible.  /'.hove  and  aside  from 
it  the  value  of  w  gradually  decreases.  The  "calm"  layers  observed 
in  turbulent  zones  above  level  terrain  are  absent  above  mountains. 
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Fig,  6.13.  Turbulent  zcn>:  above  Suram- 
skiy  Pass  on  3  September  1955  (per 
S.  M.  Shmeter)  .  Isollnes  v;^,  are  counted 

in  in/s  .  Vertical  profiles  of  tempera¬ 
ture  and  wind  are  shown  on  the  right. 


Regions  of  orographic  turbulence  are  extended  in  the  direction 
of  the  wir.d,  being  arranged  basical  1;/  above  the  le'-  side  of  the 
mountain.  Thus,  a  unique  "turbulent  tanner"  similar  to  the  widely 
wuv'wr;  "banner  clouds  "  is  formed  behir.  the  range. 


The  described  .-.true  bare  of  turbulent-  ruction.;  t.;  cl,u  rue  v.i- -■ 1 r.  t.  1 1: 


l’cr  isolated  mountain.',  or  fur  suction;;  of  a  ran#-;  on  which  It.;  altitude 
and  shape  varied  very  little.  [  T  the  .-.l  rue  tut"-  of  the  mountain  ryot. -in 
la  more  Complex,  Lt  la  necessary  to  con;;  I  der  the  per.:'.  1 1 • !  .1  I  ty  of 
mutual  superposition  of  perturbation;;  f,cn"  rated  hy  !  ndlvl  dual  eleva- 
ti-'n;-.  In  thin  cane  the  thickness  f  the  turbulent  zo'i'  atri  the 
!,nu:ii;'i !  ty  of  tur-hulc-n-.;-.'  are  am:;  I.  usual  ly  i  no  reused . 


-•  h  a  i*a  0  f  O  r  1 S 1  :C  tht.'i  '  >  I ;  t;;e  s  t  r  sc  h  Cll'C  .)!  ; .  a '  1  1 ;  1  -  '  I: . :  - the 

shore  of  tie:  Black  Be  a  oti  the  loo  aide  of  the  C linear,  i  un  ran^e  duM  .nr; 
the  Novo  roar,  iy  r-  kay  a  bora  of  31  October-,?  November  wore  presented 

by  A.  A.  Hebhe  111  ltd  va  (HHi',-)  .  In  the  depth  of  the  bora  the  -entire 
layer  from  the  surface  of  the  ocean  up  to  an  alt  1  tude  of  1300  m  was 
enveloped  by  turbulence.  Comparison  f  character! sties  of  turbulent 
zone:;  with  the  profile  of  the  Caucus  lot:  rainfu  lr.  the  rez/Joii  of 
flight:;  (on  the  routt  He  i  end'll  1 1  k-bet  ta )  showed  that  tin.'  turbulent 
zone  extended  hlrh-'-r  than  the  ran#..-  only  over  a  small  segment;  on  the 
;r,T":ate:;t  part  of  Its  extent  the  upper  boundary  of  the  zone  was  on 
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that  the  linear  d  tmort:*- 1  on:-  of  ousts  j-rev  to  the  raw 
reduction  in  the  incr'enmnt  of  overloads  An. 


-C.r 


We  will  pan:-.--  row  on  expo  r:l  i;,,  ntul  data  concernin',  the  dependence 
of  t  h-.-  Intern  1  ty  ul  orof.'rapn  1  e  turbulence  on  she  .  ,c  nc  ra  i  thermodynamic 
conditions  In  the  atmosphere .  dp  to  the  presort  ;t  utiles  have 

been  carried  out  baric  illy  near  mountain  rn  niter,  whoso  h-.rl  j'.ht.s 


do  not 


KEY:  (1)  Height  above  sea  level,  m;  (2)  Relative  extent  of  calm  seg- 

2 

mente ,  % ;  (3)  Average  turbulence  coefficient,  m  /s ;  (J0  Maximum  turbu- 

2 

ience  coefficient,  m  /s ;  (5)  Maximum  overloads  In  fractions  of  a  g: 


exceed  Inn  (Carpathians ,  Crimea,  Trutucauca la,  Has tern  3  Iberia  , 

etc.).  The  results  have  been  published  in  article:;  by  .i .  Koi'Chtp-ott 
liy**y)i  M.  Z.  Plnus  and  3.  M.  Klunetcr  (l-l'jB),  3.  M.  ohrnoter  (10'^B, 
ldfiOa)  ,  A.  A.  Vasll'yev  (1965),  P.  A.  Vorontsov  (196b),  and  others. 

Despite  certain  specific  pceul  1  :ir  1 1  les  of  the  development  oi 
turbulence  uf  dlff(.>rent  Mountain  systems,  it  war.  pur.:;  U>  l.e  to  clarify 
a  nuinP.er  of  situations  which  are  common  ami  character.!  otic  for  all 


I'eogr'ipn  l c 


re i’; Ions  .  T t  war.  found  that  the  nat'.i: 


el  motion:;  unovr 


range  arid  especially  over  !  :  r.  •  ride  .are  determined  by  certain 

characteristics  of  the  wind  and  temperature  fields  in  the  unperturbed 
(upwind)  portion  of  the  flow.  These  cuaracterlst !  cs;  include  the 
magnitude  of  the  wind  speed  component  perpendicular  to  the  ridge  on 
the  level  of  the  peak  arid  the  vertical  gradient;:  of  temperature 
y.,  and  wind  f5,j  in  the  layer  from  the  peak  to  a  level  exceeding  the 
height  of  the  mountain  by  several  hundred  meters. 

Dur  ing  stable  strut  i  ficat  ion  ol‘  temperature  (y..  <  y  )  and  a 
light  wind  (for  the  majority  of  regions  studied,  when  <_  3  m/s) 
turbulence  war  little  de  v  •  lop...-1. ;  the  current  liner,  above  the  mountain 
were  approx  l  mn  to  Ly  .aural  l  el  to  the  profile  of  the  obstacle ,  and  the 
amplitude  of  their  deflect  Ion  decreased  rapidly  with  altitude. 

During  moderate  and  strong  wind  (usually  when  U..  >  10  ir./« )  tne 
nature  of  the  flow  depends,  strongly  <■::  -y | f  and  !i,| . 

If  y j,  '  y  and  3  j  _>  C,  uw  veives  ar-  formed  abov,.  the  ridge  and 
behind  it,  while  under  them  below  the  ■  I go  of  fc!.  >  ridge  there  is  a 
system  of  rotors ,  in  which  sene  very  .-.tivr.g  turbo  Icnce  is  observed . 

When  3,,  <  0  tlic  flow  loses  stability  and  turbulence  develops. , 
n 

1  n  tens  i  I'y  i  rig  approximate!;/  in  parallel  with  the  growth  in  U,..  Tne- 
thickness  of  the  turbulent  layer  can  c  ! c;ol  f i  fan',  i.v  exceed  the  height 
of  the  rid. go,  especially  if  y  >  y  above  fiio  ring;  .  However,  during 
strong  winds  orographic  turbulence  ilove  I  ups.  only  ng  ;  table 

thermal  stratification  anc  u xi  wl.cn  Isothermic  and  .inversion  layers 
are  present  above  the  mountain."  • 


Occasionally  the  shape  of  flows  typical  for  the  case  £4^  <  0  in 
called  "rotor,"  after  Forchtgott.  This  term  is  not  a  happy  choice, 
since  It  may  lead  to  mixing  of  two  completely  different  types  of 
flows:  rotor  flow  under  mountain  waves,  characterized  by  the  presence 

of  large  eddies  with  a  horizontal  axis,  and  turbultzed  flow  observed 
from  the  ground  up  to  a  level  located  somewhat  higher  than  the  ridge 
and  characterized  by  the  presence  of  comparatively  small  eddies  with 
axes  which  are  arbitrarily  oriented  in  space. 

In  .  coric  iU3ion  we  will  note  that  turbulence  of  orographic  origin 
can  be  intens i fled ■ by  thermal  turbulence.  The  latter  may  oven 
predominate  in  summer  above  rocky  and  forested  mountains  at  small 
wind  speeds.  Thermal  turbulence . develops  in  the  morning . hours  and, 
continuing  to  develop  up  to  midday,  it  continually  embraces  an  ever 
thicker  layer  of  the  atmosphere.  In  this  ease  its  development  begins 
earliest  of  all  above  rocky, mountains  facing  Die  sun,  and  develops' 
only  somewhat  later  above  level,  terrain,  areas . 

The  upper  boundary  of  the  layer  of  thermal  tur.bulence  is  elevated 
above  mountains  and  Is  lower  -above  valleys.  Under  the  influence  of 
the  wind  zones  of  thermal  turbulence  arising  above-mountains  are 
shifted  somewhat  in  the  direction  of  flow.  K  Veiling  damping 'of 
turbulence  begins  from  the  ground,  but  is  accompanied  by  the  appearance 
at  high  altitudes  of  layers  In  which  turbulence  weakens  sharply. 

Usually  such  layers  are  located  vine  re  the  temperature-gradients  are 
smal 1 . 


CHAPTER  7 


TURBULENCE  WHICH  INFLUENCES 
AIRCRAFT  FLIGHT 


Ar  wuu  pointed  out  :itove ,  the  I'ildht  of  an  a  ire raft  in  a  fur' 
lent  zone  lr  accompanied  by  pul rati onn  Lri  l  La  velocity,  anyle  of  . 
attack ,  bank,  and  other  eharaetorirt  •  r  motion:: .  'Chir.  lead:',  to  th 
appearance  of  additional  aiLernatinij  overload.:  mani  fen  tod  in  no- 
c  a  idled  buffetd  rnj  of  the  aircraft. 

Uvll.'.t-1'IK  •'  '  Uidi;':;'.  of  tin:  •..fleet  of  turbulence  on  f  L  l  ;;i  1 1  vehicle 

1  •  :  . 

(aircraft,  r.u.eke  l ,  rtv  .  »  I  wo  turl>u  line  :n- jik  1  arc  unual.l.y  urea: 

a )  !•  t  s'.re  uleuec...  i.u  ivpi  ru-onlcd  in  the  form  of  the  totality  of 
individual  (d  lucre  to),  puri.i  1  l.v  'ImiePT;..  *»l  ,;u..;ls  of  air; 


■f)  t  urb  ulericcr  ■•';*••>.  conn  l-doro.d  to  1-  the  .  Lai.  1  ut  lea.l  totality  <; 
random  yun  fee  ,  . 


5  1.  METHOOS  OF  EVALUATING  THE 
INTENSITY  OF  TURBULENCE  WHICH. 
INFLUENCES  THE  FLIGHT  OF  AN 
AIRCRAFT 
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other  hand,  high-frequency  perturbations  lead  to  such  ..mail  overloads 
that  they  arc  virtually  unnotlccablo.  As  flight  speed  incpeases  It 
' s  possible  for  longer-period  gusts  of  air  to  cause  noticeable  over¬ 
loads  on  the  aircraft.  Thus,  for  example,  while  perturbations  with  a 
length  ranging  from  10-?0  m  up  to  3-^  km  (up  to  6-7  km  for  heavy 
aircraft)  can  influence  the  motion  of  an  aircraft  at  rubinn  1 c  speeds, 
motion  of  supersonic  aircraft  flying  at  a  1 1  It. ides  of  .10  !:n  ar.d 
above  is  affected  by  waves,  with,  a  ie.nrtn  up  to  15-?0  km. 

From  tills  it  is  clear  that  when  wo  speak  of  the  intensity  of 
turbulence  sufficient  to  cause  buffeting  we  must  bear  in  mind  not 
the  intensity  of  turbulence  in  general,  but.  the  intensity  of  that 
portion  of  Its  spectrum  which  is  operative  under  given  flight 
conditions.  In  other  words,  in  this  case  the  intensity  of  buffet  Lrig 
of  the  aircraft  can  serve  as  a  measure  of  turbulence  intensity.  We 
will  note  that  such  an  approach.  Is  characteristic  for  the  first  of 
the  turbulence  models  listed  above. 


a.  Evaluation  of  the  Intensity  of 
buffeting 

The  intensity  of  buffeting,  which  Is  normally  defined  as  the 
magnitude  of  aircraft  overload  Increment.,  depends  not  only  or.  the  ' 
magnitude  of  turbulent  pulsations  In  wind  velocity  and  gust  scales 
but  also  on  the  ucrodyna;::!  e  characteristics,  of  the  airplane.  For 
example,  this  is  clear  from  the  following  formula,  v.s'ch  permits 
approximate*  evaluation  of  the  maid: I  tsar-  of  overload  Jncrorr.cnv  for  an 
inelastic  aircraft  in  horizontal  flight  encountering  an  Isolated 
vertical  gust  characterised  by  an  effective  velocity  w 


Aw  =  ---  n  —  1 : 


l  o  fs  ~ 


{  7  .  .1  ) 


f'Jv  -  off.! 


here  p  is  the  air1  density;  v  is  flight  speed;  e).  Is  a  derivative  of 

.r 

the  lift  coefficient  with  respect  u-  angle  of  attack ;  li  is  the  air¬ 
craft  weight  in  flight;  f.  is  wing  lift  surface ;  r.  Is  aircraft  over¬ 
load  ,  enoa  i  to  the  ratio  of  it'..;  lift  to  It:;  we  isht,  lari  nr  •;  .i  I  d. 
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horizontal  Might  n  =  L.  We  have  already  ciiuoi  !ded  t tic*  rolut  lons.h  l  ps 
between  w  pj,  and  the  true  speed  of  u  gust  in  Chapter  2. 

Evaluation  of  the  Intensity  of  buffeting  (given  In  Table  7.1) 
both  from  1 no t rumen t  measurement  nata  and  by  the  "percept  Ion"  of 
the  o  rew  on  a  four-mark  scale ,  la  accepted  practice. 

I.-,  Energy  Spectrum  of  Atmospheric 
Turbulence  Causing  Buffeting  of  .or, 

A;  rerun 


For  a  number  of  practical  problems  it  la  necessary  tu  consider 
the  Influence  on  flight  not  only  of  the  velocities  of  gusts,  hut 
also  of  their  frequency  characteristics .  In  this  cast  It  is  necessary 
to  resort  to  a  statistical  presentation  of  turbuLence  (second  model) 
and  to  use  the  sp  -ctral  density  of  turbulent  gusts  as  a  measure  of 
turbulence  Intensity. 

If  we  regai’U  an  aircraft  as  an  indicator  of*  atmospheric  turbu¬ 
lence,  we  can  consider  that  the  components  of  the  pulsation  velocity 
u'(x)  are  small  In  comparison  with  Its  flight  speed  and  therefore 
we  can  a.:  umc  that  tie  pulsation  velocity  at  any  point  of  the  flight 
trajectory  Is  essentially  unchanging  while  the  aircraft  flics  through 
the  neighborhood  of'  a  point  whore  the  correlation  connection  between 
fluctuations  of  wind  velocity  tc  great.  In  this  case  the  field  of 
pulsation  velocities  of  tint*  vector  can  he  regarded  as  a  stationary 
uniform  random  field.  For  such  a  field  a  a  i .ng.Ie-valvf-d  connect  ion 
x  =  vt  exists  between  the  horizontal  coordinate  >:  and  time  t.  We 
can  further  presume  that  the  pulsation  velocity  of  the  wind  is 
Identical  for  all  points  on  the  aircraft  -  l.o.,  within  the  1 iml to  of 
the  dimensions  of  the  aircraft  It  ic  possible  tu  Ignore  the  dependence 
si*  fluctuations  of  the  wind  vector  component  on  the  coordinates. 

This  assumption  is  apparently  the  more  valid  the  smaller  the  s iso  of 
the  aircraft.  In  till;  case  the  pulsation  velocity  of  the  wind  is  r. 
function  only  of  the  coord  irate  x  or  time  t. 
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KEY  to  Table  7.1  (Cont'd) : 

aLtitude  and  heading.  During  large  negative  overload:-,  weightlessness 
may  be  perceived,  while  during  positive  overloads  personnel  are 
pressed  against  their  seats;  (20)  Piloting  in  carried  out  in  accord¬ 
ance  with  the  manual  on  flight  operations  In  turbulent  conditions 
for  each  type  of  aircraft;  (21)  Loose  objects  begin  to  spill  about. 
Moving  about  within  the  cabin  can  lead  to  passenger  Injury.  Passen¬ 
ger  seat  belts  must  he  fastened.  Found  highly  unpleasant  by  majority 
of  passengers;  causes  symptoms  of  airsickness  and  fatigues  trio  crew; 
(22)  Violent  or  extreme  turbulence;  ( 2  jO  Extremely  sharp  surge:-,  of 
aircraft,  accompanied  by  severe  g- forces  throwing  people  out  of  neats 
or  pressing  them  strongly  to  them.  Flight  Is  accompanied  by  major 
deviations  in  altitude  and  heading;  the  steady-state  flight  regime  1. 
disrupted.  Variometer  and  speed  indicator  readings  are  strongly 
distorted.  Position  of  aircraft  in  space  is  determined  by  average 
position  of  artificial  horizon  strip.  Aircraft  controllability  is 
poor  and  incorrect  action  by  the  pilot  may  create  conditions  leading 
to  speedy  which  threaten  the  structure  of  the  aircraft;  (24)  Piloting 
in  strict  accordance  with  the  manual  on  flight  operation  under  turbu¬ 
lent  conditions;  (2' 5)  Passengers  may  be  pulled  from  the  seat  and 
suspended  on  the  belts,  while  during  positive  g-forces  they  will  be 
pressed  tightly  to  the  seats.  if  the  seat  belts  are  not  fastened 
passengers  may  receive  serious  head  injuries  and  traumas.  Sharp 
large-scale  g-forces  cause  airsickness  In  the  majority  of  passengers. 


If  the  turbulence  of  the  atmosphere  is  statistically  uniform 

and  isotropic,  It  is  sufficient  for  its  description  to  know  trie  two 

correlation  functions  Ft(Ax)  and  R,  (Ax),  where  the  first  is  the 

u 

correlation  function  of  pulsations  of  the  longitudinal  wind-velocity 
component,  while  the  second  is  the  correlation  function  of  pulsations 
in  the  transverse  component.  In  aerodynamic  calculations  it  is 
assumed  that 


_ AX 

/?.(Auc)=o le~~L~  . 


(7.2) 


where  L  is  a  certain  average  size  of  turbulent  perturbations, 
determine-:!  as  the  distance  at  which  reduction  of  the  correlation 
function  by  a  certain  number  of  times  occurs,  most  frequently  down  to 
a  magnitude  half  the  value  at  Ax  =  0.  From  the  continuity  equation 
it  follows  that  for  a  three-dimensional  vector  field  the  connection 
between  the  correlation  functions  for  the  longitudinal  and  transverse 
components  of  wind  velocity  pulsation.:  has  the  form  (.-.ec-,  for 
example,  Landau  and  Li  fob J tr. , 


26' 


(7  .i) 


there  fore 


(  Y  •  'i  ) 


The  following  spectral  densities  correspond  to  corre  1 t, J  on 
■>*!»■:  t  ion:1.  (7.1?)  and  (7.Jl): 


S«(2^a“  MTTuJp)  • 

5  m  pa ay) 

Trr+irapjr* 


(7.0) 


(7.6) 


who re  ft  is  the  wave  number. 

If  we  assume  that  turbulence  is  Isotropic,  strictly  "peaking 
th°  longitudinal.  correlation  function  i:;  described  by  the  expression 


o2[i-4(Ax,»j. 


and  not  by  expression  (7.?),  Here  where  e  is  the  rate  of 

turbulent  energy  dissipation  and  c  is  a  universal  dimensionless 
constant  having,  the  order  of  unity.  However,  the  assumption  made- 
above  that  the  longitudinal  correlation  function  is  exponential 
satisfactorily  approximates,  from  the  practical  point  of  view,  the 
experimental  correlation  functions  obtained  from  the  aircraft. 

When  formula  (7.6)  is  used  to  described  the  energy  spectrum  of 
pulsations  of  the  vertical  wind  velocity  component  In  various  types 
of  aviation  calculations  the  scale  of  turbulence  L  in  determined  as 


i.-f  Ru(lx)d(±x) 


with  consideration  of  (7.3) 


LM~2  jR„(\x)d(\x)~2Lm\ 


(7.8) 


Lu  and  Lw  characterize  the  linear  dimensions  or  the  region  within 
which  a  high  correlation  of  pul  a  at  Ion:-,  of  flow  velocity  exists;  they 
are  called  the  longitudinal  and  transverse  Integral  scales  of  thlr. 
turbulent!  region. 

Along  with  a  simple  relationship  of  the  (7.2)  type,  for  praetle.a 
utilization  of  data  on  atmospheric  turbulence  during  solution  of 
certain  aviation  problems  it  is  necessary  to  know  the  functional 
form  of  the  autocorrelation  function.  N.  I.  Bulln  (see  J.  Taylor, 
1965)  proposed  the  following  functional  form  for  a  family  of  normal!/.* 
autocorrelation  functions: 

)7'*~,(«-  i)»]^.(-r)*  (7,9) 

where  a  and  n  are  parameters  which  determine  the  form  and  scale;  Kn 
is  the  Bessel  function  of  an  Imaginary  argument  of  th  .*  second  kind; 

(n  -  1)1  la  a  gamma  function  when  r.  Is  not  a  whole  positive  number. 


By  substituting  expression  (7.9)  into  (7-7)  arid  (7.3)  ,  we  obtain 
the  iollowlng  expressions  for  the  integral  scale  of  turbulence: 


**  “  /  m  1\.  * 


(n-l)l 


(7.101 


and  the  transverse  autocorrelation  function 


(7.11) 


If  H  ,( Ax) 
u 

It  Is  possible 
dens  1 ty : 


and  H,  (lix)  are  known,  Lv  using  tire  Courier  transform 
W 

to  find  the  express  Lons  for1  the  function  of  spectral 


where 


a  Ai*L±I>i  C/.  l  3 ) 

I  «(i.— -J-)i 

Thus  the  turbulence  sped  ruin  is  cleteniilned  by  only  two  quant  1 1  te 
scale  L  and  the  parameter  ;s. 

In  aerodynamics ,  in  particular,  two  model:;  or  families  o !‘  auto¬ 
correlation  functions  and  the  functions  of  spectral  density  are 
considered:  the  Dryden  model,  for  which  n  =  1/2,  and  the  K£rm5n ,  for 

which  n  ■  1/3. 

For  the  first  model, 

s.(a)~-j-h-^2yr . 

o/o,  J»l/.|l+S(2rM)*| 

^  ||  h  (2r>/i)2jS  * 

while  for  the  second  model 

(-4)< 

a-  l-i— l,339i. 

’''Hi' 

*„<*)■■ - - 

I I  4-  |  it  (l,339i)U  )»|  • 

5.(0,-  ^['  {2,<1.3390U,a] 

fi 

|1  4-  l  2*  (1,3391)  Qj*  |  • 

It  should  be  noted  that  autocorrelation  functions  described  by 
formulas  (7-2)  and  (7.*0  correspond  to  the  Dryden  model.  The  Kilrm^n 
model,  for  which  n  =  1/3,  coincides  with  the  model  for  which  the 
"minus.  5/3"  law  is  valid.  Therefore  formulas  (7 .  l3)-(?  .19)  satis¬ 
factorily  describe  turbulent  motions  for  conditions  of  indifferent 
thermal  stratification  of  the  atmosphere. 


(7.17) 

(7.18) 

(7.15) 


(7.1U) 

(7.15) 

(7.16) 


Formulas  (7  .  l*0-(7 . 19)  are  widely  used  lr>  aerodynamic  oulculat  Ion. 
IV  should,  however,  he  emphasized  that  In  the  end  they  are  approximate 
and  cannot  completely  replace  the  actual  spectra  ol'  atmospheric 
turbulence . 

In  order  to  use  expression  (7.19),  which  describe;:  the  spectral 
density  of  pulsations  of  the  vertical  wlnd-voled  ‘  y  component ,  In 
various  practical  problems  It.  Is.  necessary  to  know  the  characterin'.  I 
magnitude  L  of  the  scale  of  turbulence.  Thin  quantity  has  been 
determined  by  many  Investigators  by  approximation  of  the  empirical 
functions  of  spectral  density  through  expression  (7.19)  and  by 
selection  of  the  corresponding  value  of  L  in  this  case  for  each  curve 
3W ( U ) . 

As  studies  have  shewn,  scale  I.  for  pulsations  of  the  vertical 
wind-velocity  component  gem-rally  grows  with  altitude  in  the  atmos¬ 
pheric  layer  up  tc  a  height  of  300-500  in.  Above  a  smooth  surface  and 
in  conditions  of  indifferent  or  unstable  thermal  stratification  the 
scale  u  approximately  equals,  the  altitude  above  the  surface,  while 
above  a  oroken  surface  it  Is  approximately  double  the  altitude;  In 
both  cases  the  mean  square  deviation  comprises  about  ? 5  —  3 0 %  of  the 
average  value  of  L.  The  Indicated  dependence  ol’  L  on  altitude  above 
the  surface  of  the  earth,  as  Indicated  by  experimental  data,  cannot 
be  extrapolated  to  altitudes,  exceeding  300-500  m.  At  high  altitudes 
the  scale  of  L  varies  in  vide  limits  and  demonstrates  a  complex 
dependence  on  the  thermal  and  wind  stratification  of  the  atmosphere. 


Experimental  studies  of  turbulence  on  Ttl-10'i  and  IL-18  aircraft 
made  it  possible  to  establish  tentative  Intervale-  of  the  magnitude 
of  spectral  density  corresponding  to  buffeting  of  aircraft  with 
different  intensities.  These  interval:-,  S(0)  were  established  for 
that  high-frequency  portion  of  the  spectrum  in  which,  apparently, 
the  "minus  5/3"  law  is  always  realized  -  i.e.,  for  tne  region  of 
wave  numbers  i!  _>  10^  rad/km.  In  this  car,-  in  order  to  evaluate  the 
intensity  of  aircraft  turbulence  it  is  s  uf  fl  <■  I  cut  '  Indicate  the 


intervals  of  values  of  spectral  density  ft 


any  one  w a v <  number 


ru rf ! c  u 


=  10  rad/ km. ,  presented  In  Tab  lc  7 


"or  U 


Turin  7.2,  Dependence  of  1  r 1 1, i_- ; i — 
slty  of  aircraft  turt.u  1  unci:  en 

5 ( fi )  for  L>  -  LG1  rud/km. 
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6  2.  CHARACTERISTICS  OF  TURBULENCE 
IN  THE  TROPOSPHERE  AND  IN  THE  LOWER 
STRATOSPHERE 

in  recent,  years  it:  many  countries  (USSR,  USA,  Kurland,  Canada, 
and  o  triers )  a  great  deal  o;’  attention  has  been  focused  on  the  study 
of  turbulence  as  it  influences  ai roraf t  flight .  These  studies  are  of 
practical  significance,  especially  as  regards  flight  safety.  in 
turn,  by  using  aircraft  as  turbulence  indicators  it  has  been  possible 
(as  was  shown  in  the  preceding  chapters)  to  study  in  more  detail 
disorderly  me  cions  of  air  In  i ho  atmosphere. 

In  addition  to  materia  J  s  gathered  with  special  night.:;  on  air¬ 
craft  equipped  with  moanur leg  Instruments ,  turbulence  data  has  beer: 
collected  from  crews  of  sc  nodule  i  airliners. 

Certainly,  Instrument  materials  have  the  greatest  value  -  espe¬ 
cially  in  the  case  of  continuous  recording  of  measurement  res. u Its.  A 
major  drawback  in  visual  observations  is  the  subjectivity  in  evaluation 
of  turbulence  Intensity,  since  the  evaluation  depends,  on  the  physiolog¬ 
ical  peculiarities  and  flight  experience  of  the  aircraft  crew .  fills.  Is, 
clear  from  Table  7 .3,  which  shows  tl.e  g- forces  measured  by  acccdcro- 
gr  -pn:  and  the  agreement:  (  In  f. )  of  visual  evaluations-  of  turbulence 
intensity  made  by  the  crew  ( N .  .  t'i  :ius ,  Id:.1.). 


Table  7.3.  Connection  between 


the  Intenuity  of  turbulence  as 
evaluated  by  pilots  and  g- forces 
acting  on  the  airplane. 
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“  i 
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100 

KE7  :  (1)  g-force  increments]  in 

fractions  of  g;  (2)  Turbulence 
intensity  as  evaluated  by  pilot; 
(3)  weak;  ( ') )  moderate;  (5) 
strong. 


With  aircraft  overloads  not  exceeding  0.2g,  i.e.,  during  weak 
buffeting  (see  Table  7.1),  pilots  frequently  evaluate  turbulence  as 
moderate  ( i?  1*  >6  of  cases)  or  even  as  strong.  In  22%  of  the  cases  pilots 
evaluate  atmospheric  turbulence  with  g- forces  of  0.2-0  .(jg  -  i.e., 
moderate  -  as  strong  turbulence.  Thus  visual  observations,  as  a  rule, 
load  to  overstated  frequency  of  moderate  and  strong  turbulence. 

In  order  to  obtain  reliable  data  on  turbulence  In  the  upper 
troposphere,  N.  Z.  i’inus  and  S.  N.  Shmetor  (id62)  utilised  the  results 
of  special  research  flights  on  TU-1QA,  TI,-iS,  and  i'L-28  aircraft, 
along  with  accelerograms  from  numerous  scheduled  flights  on  aircraft 
of  these  types.  During  processing  these  segments  of  the  recordings 
v/hlch  were  distorted  by  maneuvering  of  the  aircraft  were  eliminated. 

'We  will  examine  the  particular  features  ol*  the  vertical  distri¬ 
bution  of  turbulence  and  certain  parameters  of  turbulent  zones. 

a.  Frequency  of  Occurrence  of 
Turbulence  at  High  Altitudes 

With  respect  to  the  nature  of  turbulence,  the  frequency  of  Its 
■  ecurrenoo,  etc.,  the  troposphere  can  be  divided  into  the  following 
layers:  lower  (C-2  km),  middle  (2-6  km),  and  upper  (6-10  km).  It  is 

also  possible  to  examine  the  troposphere  and  stratosphere  separately. 
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From  rip.  ! .  1 ,  constructed  from  data  of  aircraft  observations. 

It  is  clear  that  the  frequency  of  turbulence  is  maximum  In  the  lower 
layer  of  the  troposphere  and  ml.ulmiMi  In  the  middle  troposphere, 
luhsoquontl.y  It.  g rows  with  approach  to  the  tropopaur.e  or  to  the  level 
filth  maximum  wind  velocity.  The  max .Imuii;  frequency  of  1  uffetlng  lr 
found  at  ul  tltud'-r.  of  8-1  ?  km,  where  the  frequency  uompr  i :;«•»  L-.10?  . 
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North  .Africa  route:;;  6  - 
over  the  North. 'At  1 antic . 
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It  should  be  noted  that  the  results  of  determining  the  frequency 
rhulence  affectin’  a  l  rvrafl:  depend:-  on  the  nature  of  t  ho  flights 


of  turbulence  affectin’,  at  rvrafl;  depends  on  the  nature  of  t ho  flight 
Tran,  for  t'xarcplo ,  piston  aircraft  which  are  norma 1 :y  used  on  short 
routes  and  which  fly  at  comparatively  low  altitude:;  find  themselves 
In  turbulence  more  frequently  then  aircraft  flying  on  long  routes 
and  at  high  altitudes.  Thin  Is  evident  from  Fig.  which  shows 

the  quantity  of  c-verlcads  encountered  by  piston  aircraft  on  local, 
short,  arid  long-range  airlines  in  the  USA  or.  flights-  totalling  iG-lC 
i.  ;n .  'fable  7 .  *»  gives  the  average  duration  cf  a  single  flight  and  the 
altitude  of  t h e  f  1 !  v.ht . 


Ac  Is  evident  fro;;,  the  tub! •• ,  at  an  altitude  of  y  km  at  average 
flight  duration  equalling  i  h  a  t  rar.sport  aircraft.  experiences  ar. 
increment  of  g-  forces  exceed !  r.,s;  a .  b. :  !'cn  times  less  frequently  than 
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Turbulent  zones  In  the  atmosphere  are  eharac lerl by  the  fact 
that  their  horizontal  extent  is.  many  times  greater  than  their  thick¬ 
ness.  Therefore  it  Is  loss  likely  that  an  aircraft  will  penetrate  a 
turbulent  zone  during  horizontal  flight  than  during  vortical,  probing 
of  the  atmosphere  (Including  climb  of  scheduled  aircraft  or  during 
descent  for  landing).  Besides  this,  one  should  consider  that  during 
a  climb  and  descent  the  dynamic  stal  l  lit;/  of  f.h*-*  aircraft  is  somewhat 
lower  than  that  during  horizontal  flight. 

According  to  data  complied  by  V.  ii .  rural. lit  in  (it-Go),  turbulence 
was  encountered  ii  —  3  times  more  frequently  by  scheduled  T'J-lOA  ulrcrafi 
during  climb  and  (especially)  descent  than  on  tin:  horizontal  segments 
of  flight. 

we  will  turn  now  to  cons  5  deration  of  i-'g.  7.1.  Curve  1  charac¬ 
terizes  the  frequency  of  turbulence  according  to  data  of  vertical 


sounding  of  the  atmosphere  In  Inn  southern  lot  1 tt 
while  curve  2  represents  this  figure  u!.ov<-  V.!:e  i)£ 
obtained  from  U-P  flights.  Tv,  Is,  figure  show 


Itudes  of  the  USSH , 

USA  according  to  data 
how::  data  developed  by 
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L-: .  A.  Hyde  (ld3!|)  fur  tmi  bonbon  -  Far  Fust  an-.:  bondun  -  North  Africa 
routes,  and  also  data  l'or  the  North  Atlantic  complied  by  A.  F.  Cro..s.  Ly 
(  l  j  6 1 ) . 

Over  the  middle  la  U  i  t  udi.r.  u!'  the  It'd'-H  the  frequency  o!'  turbulence 


at  a  L 1 1  table: 
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Fur  Fast  routes,  pausing  through  home,  Cairo,  Karachi,  or  Delhi.  OF 
particular  interest  in  tlie  lew  Frequency  of  turbulence  suffered  by 
aircraft  at  altitude:’,  of  2-d  kh  over  the  North  Atlantic,  obtained  by 
Crassly  fruit  data  of  more  ihan  10,000  reports  by  transport  aircraft 
crows.  At  altitudes  uf  j-;l  kin  1  n  January  it  averaged  in  .July 

the  average  war.  2.1!?,  while  at  altitudes  of  7-8  Um  the  corresponding 
values  were  3-1  and  1.0!?. 

Curves  1  and  <l  i  nd  L  cute  tin;  frequency  of  turbulence  causing 
aircraft  buffeting  in  the  .-.tx’utosphore.  As  we  see,  in  this  case  the 
•frequency  of  turbulence  drops,  quite  rapidly  with  altitude:  from 
aircraft  ascent  data  it  does  not  exceed  3-,:;?  at  altitudes  of  i^-ib  km 
above  the  southern  l!P3I-;>  while  from  U-f  flight  data  gathered  over  the 
!JSA  it  comprises  about  A.'jt ,  diminishing,  to  0. 1-0.1:?  at  altitudes  of 
18-23  km.  Table  7 • b  presents  the  results  of  observations  carried  out 
in  the  USA  (Steiner,  r.<6'.i))  an  the  'J-2  aircraft ;  these  wore  used  to 
construct  curve  <•  on  Fig.  7.1. 
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It  should  be  noted  that,  curve  l  on  Fig.  7 .  L  was  constructed 
mainly  1'rom  flight  cbr.ervnt  La  .  The  a  1  s  t.r  I  bu  t  Lori  of  turbulence 
frequency  with  altitude  for  winter  1:1.1  y  differ  from  this  curve  due  to 
seasonal  differences  in  the  temperature  and  wind-velocity  profiles  Jr. 
the  troposphere  and  lowez'  stratosphere. 


In  tp.:1  a  conn'.--;  t ! ...  11  the  data  colic  clou  by  V.  'A.  Barakht  in  ( Jf<66) 
■an  the  seasonal  variably;:  In  a !  ft  turbulence  frequency  on  the 
Moscow  -  Khabarovsk  route  are  of  ('rest  interest;  these  were  obtained 
from  accelerograms  of  more  than  10,000  fl  ights  by  fb'-.lC^  aircraft. 


The  calculations  Include  only  measurements  on  horizontal  segment j  of 


the  flights. 


From  Table  7.6  it  la  clear  that  ov.er  the  entire  route  the 
frequency  maximum  occurs  In  t.'a  •■immor  and  the  minimum  occurs  in  the 
winter,  with  the  exception  of  the  Moscow  -  Omsk  segment,  for  which 
the  minimum  occurs  :ln  the  s.prlng.  In  tin:  upper  troposphere,  where 
the  major  portion  of  the  flights  were  carried  out,  the  frequency  of. 
turbulence  affecting  the  aircraft  was  :> .  -l-y  .6  times  greater  in  summer 
than  in  winter. 


Table  7.6.  Frocpn  ne.v  (in  %)  ef  turbulence  an 
a  function  of  season  on  the  Moscow  -  Ki.a'c  r- 
o vs k  route. 
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Studies  of  turbulence  up  to  a;  a 
.-urried  out  by  V.  P.  Belyayev,  et.  al. 
cud  !  oSonde;.;  (nee  Chapter  shewed  I 
of  moderate  and  strong  turbulence  !  r. 

: small,  while  Ln  onismor  it  l  compu 
picture  I.:-  •:  Is  in  the  '  '  lato.pr  ■ 


1 1  i t ado  of  Co  km  .-d  ove  Most 
(1767)  by  meals  of  p--i:.oa,:.ur!  lig 
hut  during  '..he  winter  '.he  f  r-.',.,\n.  I:.';.' 
the  middle  and  upper  t  ropnsrhe  re 


Aircruft  measurements;  carried  out.  above  the  USA  (Colson,  1963) 
also  showed  that  turbulence  .la  most  probable  In  the  stratosphere  In 
the  period  January-March . 

b.  Intensity  of  Turbulence 

As  war.  already  stated,  the  intensity  of  turbulence  is  evaluated 
approximately  from  the  magnitude  of  g-forces  experienced  by  the 
aircraft  (i.e.,  In  terms  of  the  effective  velocity  of  vertical  air 
gusts).  Outside  of  storm  clouds  aircraft  overloads  rarely  exceed 
0.9  g.  However,  In  one  of  [several]  flights  on  a  "Comet"  aircraft 
carried  out  In  a  clear  turbulent  zone,  C.  S.  Hlslop  (1951)  observed 
overload  increments  (An)  reaching  +1.5  g.  H.  H.  Bindon  (1951) 
described  the  case  of  an  experimental  flight  in  a  clear  turbulent 
zone  of  Canada  at  an  altitude  of  7.3  km  in  which  An  ~  3  g.  During 
this  flight  many  measuring  instruments  were  rendered  inoperative. 

In  the  USA  a  case  was  recorded  in  which  the  rudder  fin  and  elevator 
of  a  "Boeing  B-52H"  aircraft  were  damaged  when  the  plane  entered  a 
turbulent  zone  In  a  clear  sky  above  a  mountainous  region. 

At  altitudes  of  8-1?  km  In  the  middle  latitudes  over  the  USSR 
no  cases  were  noted  In  which  the  magnitude  of  An  was  greater  than 
+1.0  g  during  flights  on  a  TU-10*i  aircraft  in  a  clear  atmosphere. 

The  results  of  these  Investigations  (Pinus  and  Shmeter,  1962)  are 
given  in  Table  7.7.  Even  the  g-force  Increments  reaching  +1.0  g  were 
observed  only  in  individual  cases. 

Table  7-7.  Frequency  of  tur¬ 
bulence  intensity  (in  JS)  in 
clear  air  at  altitudes  of 
8-12  km  in  the  middle  lati¬ 
tudes  . 

*<l)  fi(i>  <j<D 

11.7  5.7  5,6  0,4 

Come  idea  of  the  dependence  of  turbulence  intensity  on  altitude 
and  weather  conditions  for  US  territory  can  he  obtained  from  Fig.  7.3. 
This  figure  makes  it  possible  to  evaluate  the  probability  of  exceeding 
a  given  magnitude  of  Considering  turbulence  to  be  very  weak  if 
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a  <  0,5  m/s  and  to  be  strong  when  a  >  2.5  m/a,  we  can  draw  the 

W  “  W  “ 

following  conclusions  on  the  basis  of  Fig.  7.3. 


Pig.  7.3.  Distribution 
of  dispersion  of  pulsa¬ 
tions  of  vertical  wind 
movement  velocity.  1  - 
clear  weather;  2  -  wool- 
pack  clouds ;  3  -  thun¬ 
derstorm  cloudy. 


Designation:  m/ceh  « 
m/s . 


With  an  increase  in  altitude  the  probability  of  values  of 

o  <  0.5  m/s  grows.  Where  the  probability  of  such  values  of  o  is 
W  “  w 

about  70)6  In  the  atmospheric  layer  0-3  km,  for  the  layer  9-15  km  it 
grows  to  93*  •  Extremely  strong  turbulence  ( a  >  ll  m/s )  has  virtually 
identical  probabilities  in  the  0-3  and  3-9  km  layers,  but  it  is 
substantially  less  for  the  9-15  km  layer. 

In  clear  weather  the  probability  of  flights  with  ow  <0.5  m/s 
is  greater  (50*),  while  under  thunderstorm  conditions  it  is,  on  the 
other  hand,  least  (=20*).  With  the  same  value  of  the  probability 
distribution  function  the  quantity  a  is  double  the  clear  weather 
value  for  woolpack  clouds  and  approximately  triple  that  value  for 
thunderstorm  conditions. 
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Similar  results  were  obtained  (Kullk  and  Sakach,  1967)  for  the 
territory  of  the  Soviet  Union  (Fig.  7.1*).  From  this  figure  it  is 
clear  that  for  ow  >  3  m/3  the  probability  distribution  function  in  a 
zone  of  thunderstorm  activity  is  approximately  six  times  greater  than 
that  in  turbulent  zones  above  mountains  and  is  3 *10^  times  greater 
than  that  in  a  cloudless  sky  in  turbulent  zones  of  Jet  streams. 

P(aw) 

I0r 
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*• 

s 

«>• 

s 


5 


0  2 

Fig.  7.1*.  Distribution 
of  dispersion  of  verti¬ 
cal  air  movement  veloc¬ 
ities.  1  -  thunder¬ 
storm  clouds;  2  -  above 
mountains;  3  -  in  the 
Jet-stream  region. 

Designation:  M/ce«  * 

■  m/s . 


Data  on  the  intensity  of  turbulence  in  the  stratosphere  are  of 
special  interest.  From  Table  7.8  it  i3  clear  that  in  the  12-21  km 
layer  strong  turbulence  is  observed  most  frequently  at  altitudes  of 
15-18  km.  Judging  from  the  number  of  turbulent  zones,  this  is  where 
the  greatest  frequency  of  turbulence  is  observed. 


c.  [Vertical]  Thickness  of 
Turbulent  Zones 


Numerous  observations  have  shown  that  turbulent  layers  in  which 
effects  of  turbulence  are  noted  on  aircraft  have  comparatively  sharp 


boundaries.  This  can  apparently  be  explained  by  the  fact  that 
turbulent  conductivity  is  small  on  the  boundary  of  perturbed  layers 
(Oandin  et  al . ,  1955) i  this  is  characteristic  for  completely  or  nearly 
completely  unperturbed  regions  surrounding  a  turbulent  zone  in  which 
aircraft  experience  buffeting. 


Table  7.8.  Frequency  and  Intensity  of  turbu¬ 
lence  in  the  stratosphere  above  the  USA  (Col¬ 
son,  1963). 
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The  data  on  the  thicknesses  of  turbulent  zones  presented  by 
different  authors  are  quite  close.  Figure  7*5  shows  curves  of  the 
integral  frequency  of  thicknesses  of  turbulized  layers  for  different 
latituuco  over  the  territory  of  the  Soviet  Union.  The  same  figure 
shows  the  curve  of  frequency  of  thicknesses  of  layers  at  altitudes  of 
5.5-13-5  km  over  Canada  (Clodman,  1953).  It  is  clear  that  with  a 
drop  in  latitude  the  frequency  of  relatively  large  thicknesses  of 
turbulent  layers  Increases.  Where  a  thickness  le33  than  1000  m  is 
observed  in  api  roxlmately  70#  of  cases  in  the  southern  latitudes  of 
the  Soviet  Union,  In  the  middle  and  high  latitudes  this  value  is  seen 
in  85-90#  of  the  cases. 


We  will  note  that  data  from  American  investigators  indicate 
that  the  thickness  of  turbulent  layers  during  night  in  clear  air 
at  altitudes  from  3  to  15  km  is,  as  a  rule,  less  than  300  m.  More 
recent  studies  carried  out  on  the  U-?  aircraft  showed  that  the  thick¬ 
ness  of  turbulent  layers  in  the  stratosphere  above  the  USA  comprises, 
on  the  average,  500-1000  m.  Certain  authors  (Press,  Schindler,  and 
Tompson,  1953;  Clodman,  1953)  consider  that  moderate  and  strong  tur¬ 
bulence  is,  as  a  rule,  observed  in  layers  of  greater  thickness  than 
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Pig.  7.5.  Integral  frequency  of  differ¬ 
ent  thicknesses  of  turbulent  layers. 

1  -  northern  latitudes;  2  -  middle  lati¬ 
tudes;  3  -  southern  latitudes;  4  - 
Canada. 

weak,  turbulence.  Others  (Shmeter,  1958),  on  the  other  hand,  arrive, 
at  the  conclusion  that  the  more  intensive  the  turbulence,  the  less 
the  thickness  of  the  turbulent  layer.  This  question  requires  further 
investigation.  Apparently,  these  connections  depend  substantially  on 
specific  conditions  of  the  formation  of  turbulence  in  a  free  atmos¬ 
phere. 

d.  Horizontal  Dimensions  of 
Turbulent  Zones.  Structure  of 
Turbulent  Zones 

The  determination  of  the  horizontal  extent  of  turbulent  zones 
is  connected  with  well-known  dimcultJ.es,  since  the  aircraft  may 
cross  them  in  different  directions  and  at  arbitrary  distances  from 
the  center  of  the  horizontal  section  of  such  zones.  Besides  this, 
up  to  now  the  precise  shape  of  the  horizontal  section  of  turbulent 
zones  Is  not  known.  .Certain  authors  indicate  that  in  Jet  streams 
the  turbulent  zones  are  extended  in  the  direction  of  air  flows:  their 
length  is  greater  than  their  width.  • 

Analysis  of  accelerograms  made  it  possible  to  determine,  along 
with  the  Intensity  of  turbulence  in  each  flight,  the  horizontal  extent 
of  the  turbulent  zones  and  the  nature  of  turbulence  on  their  boundaries. 

It  was  found  that  at  altitudes  of  8-12  km  turbulent  zones  of  two  types 
are  encountered:  solid  (type  I)  and  Interrupted  (type  II). 
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Interrupted  zones  consist  of  several  local  solid  turbulent 
segments  between  which  aircraft  flight  is  calm.  The  number  of  local 
turbulent  segments  in  turbulent  zones  of  type  II  varied  from  two  to 
seven,  but  in  79  •  536  of  the  cases  it  did  not  exceed  three. 

The  frequency  of  continuous  turbulent  zones  in  the  middle  lati¬ 
tudes  ( 31  •  3/6 )  is  approximately  half  that  of  solid  zones  (68. 2%). 

As  is  evident  on  Fig.  7.6,  in  the  middle  latitudes  the  horizontal 
extent  of  turbulent  zones  of  type  I  (A^L)  is  less  than  60  km  in  8 3  •  3 
of  the  cases  and  is  greater  than  100  km  in  only  7 . 55f •  The  distribu¬ 
tion  of  horizontal  dimensions  of  local  turbulent  zones  in  turbulent 
zones  of  type  II  (AL)  Is  virtually  the  same.  Specifically,  in  86.6 % 
of  the  cases  these  zones  are  less  than  60  km  in  extent,  and  they 
exceed  100  km  in  only  6.6%  of  the  cases. 

Fig.  7.6.  Integral  fre¬ 
quency  of  horizontal  dimen¬ 
sions  of  continuous  turbu¬ 
lent  zones  (1)  local  turbu¬ 
lent  zones  (2),  and  unper¬ 
turbed  zones  (3)  in  inter¬ 
rupted  turbulent  zones . 


Curve  3  on  Fig.  7-6  characterizes  the  total  frequency  of  hori¬ 
zontal  dimensions  of  calm  segments  (AJL)  located  between  turbulent 
zones  (AL).  Comparison  of  this  curve  with  curve  2  on  the  same 
figure  shows  that  the  quiet  segments  most  frequently  have 
greater  dimensions  than  the  turbulent  sections. 

The  conditions  for  the  appearance  of  interrupted  turbulent  zones 
are  as  yet  not  clear.  It  is  possible  that  they  are  connected  with 
lose,  of  stability  of  atmospheric  waves  or  that  they  reflect,  particular 
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features  of  the  intermittence  or  degeneration  of  turbulence  in 
turbulent  zones.  One  way  or  another,  the  turbulent  zones  of  large 
horizontal  extent  are  most  frequently  of  the  interrupted  type. 

Analysis  of  accelerograms  made  it  possible  also  to  reveal  two 
forms  of  rise  of  intensity  o.t‘  turbulent  buffeting  on  the  boundaries 
of  turbulent  zones: 

a)  when  the  intensity  of  buffeting  on  the  boundary  of  the  zone 
is  no  less  than  moderate; 

b)  when  the  intensity  of  buffeting  from  the  boundary  and  into 
the  depth  of  the  zone  grows  more  or  less  smoothly  from  very  weak  to 
weak  or  to  moderate. 

In  the  first  case  the  entry  of  the  aircraft  into  the  zone  of 
atmospheric  turbulence  in  clear  air  is  riot  only  unexpected,  but  is 
also  sudden;  the  crew  must  make  rapid  decisions  concerning  measures 
to  guarantee  flight  safety.  In  the  second  case  the  crew  has  more 
time  for  preparation  to  meet  the  moderate  or  strong  turbulence  ahead. 

In  the  middle  latitudes  the  frequency  of  sudden  entry  Into  a 
turbulent  zone  with  moderate  or  strong  turbulence  on  the  boundary 
equals  3,6%. 

We  will  return  now  to  the  horizontal  dimensions  of  turbulent 
zones.  As  is  clear  on  Fig.  7-7,  the  length  of  turbulent  zones  varies 
from  several  kilometers  up  to  400-500  km  and  more,  although  they 
usually  do  not  exceed  60-80  km.  In  the  middle  latitudes  of  the  USSR 
the  dimensions  of  turbulent  zones  were  less  than  100  km  in  approxi¬ 
mately  72%  of  the  cases  and  were  greater  than  400  km  in  only  4$;  in. 
the  southern  latitudes  the  corresponding  values  were  68$  and  10$. 
Thus,  the  horizontal  extent  of  turbulent  zones,  like  their  thickness, 
grows  with  a  decrease  in  latitude. 

The  horizontal  extent  of  turbulent  zones  encountered  during  U-2 
flights  in  the  stratosphere  above  the  USA  was  less  than  30  km  in  70$ 
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magnitude  of  horizontal  extent  of 
turbulent  zones.  1  -  USA  (upper 
troposphere);  2  -.USA  (stratosphere); 

3  -  USSR,  middle  latitudes;  'I  - 
Canada;  5  -  USSR,  southern  latitudes. 

of  the  cases  and  greater  than  100  km  in  only  0.5%.  No  clear  dependence 
of  horizontal  dimensions  of  turbulent  zones  on  altitude  in  the 
stratosphere  was  established.  In  general  turbulent  zones  in  the 
stratosphere  (altitudes  of  15-21  km)  above  the  USA  are  apparently 
shorter  than  those  in  the  troposphere.  Thus,  a  value  of  70?  integral 
frequency  in  the  upper  troposphere  corresponds  to  turbulent  zone 
dimensions  equalling  60  km,  while  in  the  stratosphere  the  value  is 
30  km  for  the  70?  level.  If  we  assume  that  this  relationship  is 
stable  and  reliable,  it  can  be  used  tc  evaluate  the  horizontal  dimen¬ 
sions  of  turbulent  zones  in  the  stratosphere  above  other  geographic 
regions  if  we  have  data  on  their  dimensions  in  the  upper  troposphere. 

e.  Life  Expectancy  of  Turbulent  Zones 

An  important  characteristic  of  turbulent  zones  is  the  duration 
of  their  existence.  Experimental  studies  of  the  "lifetimes"  of 
these  zones  require  continuous  tracing  of  the  evolution  of  turbulence 
v/ithln  them.  Such  tracing  is  hampered  by  the  fact  that  under  cloud¬ 
less  conditions  turbulent  zones  cannot  be  distinguished  visually  and, 
in  addition,  they  move  along  with  the  flow. 

To  determine  the  duration  of  existence  of  turbulent  zones  it  is 
usually  necessary  to  carry  out  multiple  flights  between  geographic 


control  points.  This  permits  determining  the  survival  time  of 
turbulence  in  a  flow  of  air  between  these  pointo;  this  factor 
apparently  depends  both  on  the  variability  of  the  turhulence  and  on 
the  dimensions  of  the  turbulent  segments.  These  data  are  extremely 
useful  for  evaluating  the  applicability  of  forecasts  of  turbulence 
duration  from  data  on  preliminary  weather  reconnaissance. 


Figure  7.3  shows  the  results  of  observations  of  turbulent 

atmosphere  carried  out  by  N.  Z.  PinuB  and  S.  M.  Shmeter  (1962)  on 
May  1*4,  I960  between  Nizhne-Tambovskoye  and  Yelabuga  in  the  Far  East, 
The  wind  was  almost  perpendicular  to  the  line  Joining  these  points. 
Observations  at  7200  m  were  carried  out  in  the  course  of  1  h  ^O'-mln. 
Since  wind  speed  at  this  altitude  was  85  km/h,  a  flow  with  a  "length" 
of  H)5  km  proceeded  between  these  points  during  the  observation 
period.  During  this  time,  as  is  evident  from  Fig.  7.8,  the  nature  of 
turbulence  and  its  distribution  between  the  control  points  were 
virtually  unchanged.  Observations  at  8200  m  were  carried  out  with 
a  break  in  time  equalling  2  h  h 6  min.  The  average  wind  velocity  at 
this  altitude  was  120  km/h  and  a  flow  366  km  long  ran  between  the 
control  points’,  as  we  see,  the  nature  of  turbulence  was  strongly 
variable. 
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According  to  experimental  data  presented  by  V.  N.  Barakhtln 
(1963),  at  altitudes  of  8-10  km  the  turbulent  regime  can  sometimes 
remain  unchanged  for  2l)  h  or  more. 

Observations  made  with  radiosonde:)  equipped  with  overload 
attachments  can  give  some  idea  of  the  "lifetime"  of  turbulence*  over 
specific  points.  V.  [’.  Belyayev  et  al.  (L'iM)  carried  out  several 
series  of  launches  of  such  radiosondes  at  launch  into  -vuls  of  1  to  3  h. 
It  was  found  that  the  probability  of  Invariability  of  "he  turbulent 
state  of  the  atmosphere  lr.  the  course  of  an  h  ■  u-  in  the  8-12  km  layer 
is  on  the  order  of  80-90*.  In  the  couro*  of  i  *-■  v  i4.  the  middle 

and  upper  troposphere  the  probability  tha*  -  -jjtuJwiiiv  altuatlon" 

will  remain  unchanged  equals  6u-Y^><»  at  nigtV  ,  (12-20  km)  this 

value  does  not  exceed  fjOJJ.  For  time  intvrv^is  gu-eawr  than  6  h  this 
probability  does  not  exceed  50%  at  virtually  all  altitudes. 

Close  to  the.  tropopause  and  the  level  of' the  tropospheric  maximum 
of  wind  speed  the  probability  that  the  state  of  the  atmosphere  will 
remain  unchanged  turned  out  to  be  equal  to  70%. 

§  3.  TURBULENCE  IN  JET  STREAMS  ANO 
IN  THE  TROPOPAUSE  ZONE 

If  we  exclude  from  consideration  flight  in  clouds  in  the  upper 
troposphere,  the  highest  frequency  of  buffeting  and  the  maximum  over¬ 
loads  are  observed  in  Jet  streams  and  close  to  the  tropopause.  It  is 
here  that  observations  of  the  so-called  clear-air  turbulence  occur 
most  frequently;  encounter  with  CAT  is  the  most,  dangerous  for  the 
pilot,  owing  to  its  unexpected  nature. 

We  will  pause  first  on  buffeting  in  Jet  streams .  Since  buffeting 
differs  in  different  sectors  of  these  streams,  we  will  present  a 
brief  outline  of  the  aerologlcal  structure  of  the  Jet  stream. 

a.  Frontal  Structure  of  Jet  Streams 

The  results  of  Investigations  of  the  aerologlcal  structure  of 
Jet  streams  carried  out  on  the  basin  of  materials  from  stmlard 
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aerological  observations  have  been  generalized  by  V.  I.  Vorob"yev 
( 19 60),  E.  Belter  (1961),  V.  A.  Dzhcrdzhio  and  N.  V.  Petrenko  (1964). 

In  a  number  of  countries  special  flight  studies  of  Jot  streams 
have  also  been  carried  out.  Principal  results  from  these  are  outlined 
in  the  works  by  H.  M.  Endlich  and  C.  15.  McLean  (1957  (  1965),  K.  C. 
li.rundidge  and  J.  L.  Clodman  (  1962),  N.  .  PI  nun  and  S.  M.  Shmeter 
(1962),  and  J.  Briggs  and  W.  Poach  (1963).  Tn  particular,  In  the 
USA  experimental  studies  were  carried  out  in  the  project  "Jet  Streams" 
(Endlich  and  McLean,  1957,  1965)  on  two  aircraft  (B-29  and  B-47) 
equipped  with  instruments  recording  the  temperature  and  pressure  of 
the  air,  aircraft  g-forces,  and  also  Doppler  installations  for 
measurement  of  wind  speed  and  direction. 

The  experimental  data  showed  that  in  the  lower  latitudes  the  Jet 
streams  have,  a  frontal  structure.  In  the  upper  troposphere' the  front, 
called  the  jet-stream  front,  separates  warm  air  from  colder.  It  is 
outlined  well  dropping  downward  from  the.  tropopauoe  to  an  altitude  of 
5-3  km.  The  axis  of  the  Jet  stream  is  located  in  warm  air,  in  the 
sector  between  the  frontal  surface  and  the  tropical  tropopause. 

The  horizontal  and  vertical  wind-speed  gradients  on  the  cold 
(cyclonic)  side  of  the  Jet  stream  are  greater  than  those  from  the 
warm  3ide.  In  particular,  the  horizontal  gradients  of  wind  velocity 
are  approximately  1.5  times  greater  than  on  the  warm  (anticyclonic) 
side.  They  are  reduced  along  the  horizontal  on  both  side3  from  the 
core  of  the  Jet  stream. 

A  broad  complex  of  experimental  studies  of  jet  streams  was 
carried  out'  in  the  USSR  (see  Pirms ,  Shmeter,  1962).  The  studies  were 
carried  out  on  TU-104  and  IL-18  aircraft  equipped  with  instruments 
for  recording  wind  speed  and  direction  (by  the  Doppler  method),  the 
temperature  and  pressure  of  the  air,  aircraft  g-forces,  and  angles  of 
pitch  and  bank. 

The  flights  wore  carried  out  over  the  European  territory  of  the 
Soviet  Union,  the  Far  East,  and  in  Middle  Asia.  They  were  made  most 
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frequently  across  the  Jet  stream,  with  each  experiment  accomplishing 
it— 6  horizontal  passes  through  the  Jet  stream,  each  having  an  extent 
of  300  to  500  km.  The  data  obtained  on  temperature  and  wind  measure¬ 
ments,  along  with  radiosond  materials  from  observations  at  aerological 
points  located  along  the  route  of  t lie  experimental  flights,  were  used 
to  construct  vertical  sections  of  the  atmosphere. 

The  studies  showed  that  even  in  the  middle  latitudes  the  Jet 
streams  have  a  frontal  structure,  where  it  is  possible  to  examine  two 
models  of  Jet  streams.  The  first  describes  a  Jet  stream  which  is 
connected  with  frontal  activity  encompassing  the  entire  thickness  of 
the  troposphere  -  i.e.,  from  the  tropopause  down  to  the  eurface  of 
the  earth.  The  second  model  differs  from  the  first  in  that  the  Jet 
stream  in  it  is  connected  with  frontal  activity  which  is  distinctly 
expressed  only  in  the  upper  half  of  the  troposphere.  In  particular, 
the  experimental  studies  showed  that  in  the  upper  troposphere  in  the 
Par  East  the  transition  zone  between  warm  and  cold  air  masses  acts  as" 
a  front  which  is  clearly  expressed  due  to  the  great  horizontal  and 
small  vertical  temperature  gradients.  The  upper  portion  of  this 
front  is  adjacent  to  the  tropopauae  in  a  zone  of  discontinuity  or 
of  a  sharp  slope  of  the  latter,  while  the  lower  part  is  usually 
traced  down  to  a  level  of  *100-500  mb.  A  front  connected  with  a  Jet 
stream  which  corresponds  to  the  second  model  may  have  different 
slopes  to  the  horizontal.  In  the .  Far  East  jet-stream  fronts  have  a 
slope  to  the  horizontal  l’anging  from  1/225  to  1/150.  It  is  Interesting 
that  when  the  slopes  are  small  the  front  is  extended  so  that  its 
lower  portion  forms  an  almost  horizontal  layer  with  a  temperature 
Inversion. 

From  Fig.  7.9,  which  presents  an  a 'e  raged  vertical  cross  section 
of  a  Jet  stream,  it  is  clear  that  even  in  the  middle  the  horizontal 
contrasts  of  temperature  in  „he  frontal  zone  connected  with  the  Jet 
stream  reached  2.5°  per  100  km.  The  isolines  of  relative  velocity 
are  also  most  compressed  in  the  zone  of  the  front,  as  can  be  seen 
from  Fig.  7.9.  Wind  speed  diminishes  by  approximately  50%  in  the  layer 
3-*J  km  above  the  axis  of  the  Jet  stream.  The  horizontal  contrasts 
in  wind  speed  on  the  cold  side  of  the  Jet  stream  are  larger  than  those 
on  the  warm  side,  where  in  general  they  are  not  particularly  great. 
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Pi g .  7.9.  Vertical  cross  section 
of  a  jet  stream.  1  -  stream  axis; 

2  -  isotherms  (in  degrees);  3  - 
relative  Isotaco  (in  %)  . 

Empirical  data  (Plnus,  1961)  showed  that  the  change  in  wind 
velocity  with  altitude  under  the  level  of  maximum  wind  speed  and  also 
above  it  can  be  described  by  the  exponential  function 

(7.20) 

where  zQ  is  the  height  of  tne  level  with  maximum  wind  velocity  uQ . 

The  change  in  wind  velocity  In  the  horizontal  plane  relative  to  the 
Jet-stream  axis  can  be  described  similarly  (Plnus,  Litvinova,  1965): 

(7.21) 

Wt  should  note  that  in  a  number  or  cases,  particularly  on  the 
anticyclone  side  of  jet  streams,  wind  speed  diminishes  linearly  with 
distance  from  the  axis  cr  from  the  velocity  maximum.  However,  this 
does  not  destroy  the  generality  of  the  approximation,  since  expression 
(7. 21)  can  be  written  approximately  in  the  form 

(7.22) 

If  we  limit  ourselves  to  the  first  two  terms  of  the  expansion  of  the 
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Table  7.9.  Averaged  values  or  a 
and  $ . 
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KEY :  (1)  Region  of  stream;  (2) 

Below  the  Jet  axis;  (3)  Above 
the  Jet  axis;  (4)  On  the  cyclone 
aide  of  the  jet;  (5)  On  the 
anticyclone  side  of  the  Jet. 


We  should  point  out  that  the  quantity  B  depends  on  altitude, 
growing  with  approach  to  the  axis  of  the  stream  from  below  and 
diminishing  above  the  jet  stream. 

The  Jet  streams  observed  in  the  Far  East  are  close  to  the  model 
constructed  by  Endlich  and  McLean  (1957,  1965)  from  materials  from 
the  "Jet  Stream"  project. 

Twin  jet  streams  are  often  observed  in  the  lower  latitudes.  In 
this  case  the  axl3  of  the  second  jet  is  located  to  the  south  and 
above  that  of  the  first.  Fronts  connected  with  these  streams  are  well 
expressed  in  the  temperature  field.  The  complex  of  Jet  streams  of 
this  type,  frequently  observed  over  Middle  Asia,  was  studied  in  detail 
by  V.  A.  Dzhordzhio. 

b.  Experimental  Data  on  Turbulence 
Causing  Aircraft  Buffeting  In  the 
Jet-Stream  Region 


Studies  of  the  frequency  and  average  intensity  of  turbulence 
affecting  aircraft  were  carried  out  by  N.  Z.  Pinus  arid  S.  M.  Shmeter 
(196?)  with  consideration  of  models  of  the  cross  section  of  the  Jet 
stream.  In  these  studies  the  frequency  of  turbulence  was  calculated 
as  the  ratio  of  route  in  turbulent  zones  to  the  total  length  of  the 
route  traveled  by  the  aircraft  with  a  horizontal  section  of  the  Jet 
stream  at  the  given  level,  while  the  average  intensity  of  turbulence 
in  the  perturbed  zones  was  calculated  from  the  formula 
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(7.23) 
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1^.1 


where  1 3  the  intensity  ol'  aircraft 

n.  Is  the  number  of  oases  oi  buffeting 

1  ( 2 ) 
wa:.  taken  as  equal  to  unity,  f»  equal 


buffeting  in  scale  marks  ; 
of  given  intensities;  6^^ 
to  two ,  etc . 


Figure  7.10  gives  the  frequency  of  turbulence  in  different  parts 
of  the  Jet  stream.  The  iso  lines  of  frequency  corresponding  to  50% 

cover  a  zone  in  the  cold  portion  of  the  Jet  stream  between  the  front 

and  the  polar  tropopause.  Turbulence  frequency  diminishes  most 
rapidly  on  the  warm  side  of  the  jet  stream,  where  at  as  little  as 

200-300  km  from  the  front  it  does  not  exceed  1556 •  An  increase  in 

turbulence  frequency  (up  to  30%  and  more)  is  observed  above  the  front 
in  the  warm  part  of  the  stream. 


The  segment  of  most  intensive  turbulence  is  located  below  the 
axis  of  the  Jet  stream  close  to  the  front,  where  6  =1.6-1. 8. 


Fig.  7.10.  Frequency  (%)  of  turbu¬ 
lence  and  average  intensity  (in  scale 
marks)  of  turbulence  In  a  jet  stream 
(cross  section).  1  -  stream  axis; 

2  -  frequency;  3  -  average  intensity. 


It  should  be  noted  that  in  the  warm  portion  of  the  Jet  stream 
the  drop  In  turbulence  intensity  along  the  horizontal  occurs  less 
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sharply  than  the  drop  in  frequency.  This  means  that  in  spite  of  the 
fact  that  frequency  of  turbulence  as  a  whole  in  this  portion  or  the 
Jet  stream  is  not  great,  turbulence  of  significant  intensity  can  be 
observed  here.  The  data  on  aircraft  investigations  by  V.  Briggs 
(1961)  indicate  that  above  England  the  greatest  relative  quantity  of 
cases  with  strong  buffeting  of  aircraft  was  observed  below  the  axis 
in  the  cyclonic  portion  of  the  jet  stream  and  above  the  axis  in  the 
anticyclonic  portion  (Table  7.10).  Similar  results  were  obtained  by 
V.  N.  Barakhtin  (1966)  for  Siberia  and  the  Far  East. 

Table  7.10.  Frequency  of  tur¬ 
bulence  (No.  of  cases)  in 
different  parts  of  the  jet 
stream. 
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KEY:  (1)  Part  of  Jet  stream} 

(2)  cyclonic;  (3)  anticyclonic; 

(4)  Above  the  axis;  (5)  Below 
the  axis. 

According  to  studies  by  J.  K.  Bannon  (1951,  1952),  D.  S.  Jones 
(195*0  and  E.  Chambers  (1955)  buffeting  of  aircraft  was  observed  in 
7536  of  the  cases  on  the  cold  side  of  the  Jet  stream. 

N.  I.  Davydov  (1959)  showed  that  significant  turbulence  is 
encountered  in  regions  of  greatest  vertical  gradients  of  average  wind 
velocity  under  the  tropopause  and  abo\e  the  front  on  the  northern 
periphery  of  the  stream. 

The  described  distribution  of  frequency  and  average  intensity 
of  turbulence  in  different  portions  of  the  jet  stream  cross  section 
can  be  disrupted  by  the  influence  of  mountain  relief.  According  to 
studies  by  N.  S.  Gel’mgol'ts  (1963)  ,  the  most  turbulent  portion  in 
Jot  streams  above  Kazakhstan  is  that  located  above  mountains. 

Analysis  of  the  distribution  of  turbulence  in  Jet  streams  when  their 
warm  part  was  located  above  mountains  and  the  cold  part  above  level 
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terrain  shows  the  presence  of  increased  turbulence  in  the  warm 
portion  of  the  Jet  stream;  however,  this  is  always  leas  intensive  than 
on  its  cold  side. 

It  i 3  clear  that  one  should  expect  an  opposite  nature  of  turbu¬ 
lence  distribution  in  the  lower  stratosphere  on  levels  above  the  axis 
of  the  Jet  stream,  where  the  antlcyclonic  portion  of  the  stream  is 
simultaneously  the  cold  part. 

The  Gpatial  structure  of  turbulent  zones  in  Jet  streams  above  the 
USA  as  constructed  by  Endlioh  and  McLean  (1957)  in  general  agrees 
well  with  data  on  turbulence  obtained  in  Jet  streams  over  the  USSR. 

c.  Turbulence  in  the  Region  of  the 
Tropopause  and  Hear  the  Level  or 
Maximum  Wind 

We  will  begin  by  examining  peculiar  features  of  the  distribution 
of  frequency  and  average  intensity  of  turbulence  in  the  zone  of  the 
tropopause.  The  presence  or  absence  of  turbulence  and  also  the 
Intensity  of  turbulence  were  determined  individually  for  layers  located 
below  and  above  the  polar  and  tropical  tropopauses  on  horizontal 
segments  25  km  long  In  the  layer  0-500,  500-1000,  and  1000-1500  m 
below  and  above  the  tropopause.  Figure  7.11  shows  the  distribution 
of  frequency  and  average  intensity  of  turbulence  in  the  region  of  the 
polar  and  tropical  tropopauses  obtained  by  N.  Z.  Pinur  and  S.  M. 
Shmeter  (1962)  Trotn  data  obtained  in  experimental  studies  in  the 
Far  East.  It  is  clear  that  the  distribution  curves  for  these  types 
of  tropopause  are  not  identical.  The  frequency  of  turbulence  in 
the  1500-1000  m  layer  under  the  polar  tropopause  equals  70$;  in  the 
1000-500  m  layer  it  is  67%,  and  in  the  500-0  m  layer  it  is  69$.  Above 
the  lower  boundary  of  the  polar  tropopause  in  the  0-500  m  layer  the 
frequency  diminishes  to  57$;  in  the  500-1000  m  layer  it  drops  to  20$, 
and  then  a  tendency  to  growth  appears  and  frequency  equals  50$  in  tne 
1000-1500  m  layox’.  The  average  intensify  of  turbulence  under  the 
tropopause  is  maximum  in  the  500-0  m  layer,  where  6  *  1.45;  above  the 
lower  boundary  of  the  polar  tropopause  turbulence  intensity  equals 
1.0  In  the  0-500  m  layer,  while  in  the  500-1000  m  layer  it  grows  to  a 
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0  in  the  1 


value  of  1.5  with  a  subsequent  drop  to  1.0  in  the  1000-1500  m  layer. 
A.  A.  Reshchikova  (1961*)  obtained  approximately  the  came  variation 
in  turbulence  distribution  relative  to  the  polar  tropopause  for  the 


European  territory  of  the  USSR. 


Fig.  7.11.  Distribution  of 
frequency  (a)  and  average 
intensity  (b)  of  turbulence  in 
the  zone  of  the  polar  (1)  and 
tropical  (2)  tropopause. 


We  will  now  pause  on  the  distinguishing  features  of  the  variation 
in  frequency  of  turbulence  in  the  region  of  the  tropic  tropopause. 

From  Fig.  7.11  it  is  clear  that  in  the  1500-m  layer  underneath  the 
tropopause  the  frequency  of  turbulence  does  not  change  and  equals 
38){.  Above  t lie  lower  boundary  of  the  tropopause  it  diminishes  to 
l'f%  in  the  500-1000  m  layer,  and  then  grows  slightly.  The  average 
intensity  of  turbulence  below  the  tropopause  equals  1.2-1. 3»  while 
above  lt3  lower  boundary  C  -  1.0.  A  similar  distribution  of  turbu¬ 
lence  in  the  zone  of  the  tropopause  was  obtained  by  V.  P.  Belyayev 
et  al .  (1965)  for  the  Moscow  region;  they  used  radiosondes  equipped 
with  an  overload  attachment. 


The  data  obtained  by  N.  F.  Qel'mgol'ts  (1963)  indicates  that 
above  Kazakhstan  in  an  inversion-free  tropopause  turbulence  generally 
diminishes  with  altitude.  In  an  inversion  tropopause  turbulence 
weakens  sharply.  On  its  lower  boundary  and  approximately  500  m  above 
and  below  it  there  are  maxima  of  frequency  and  intensity  of 
turbulence. 
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5uch  a  difference  In  the  distribution  of  frequency  arid  average 
Intensity  of  turbulence  for  the  polar  and  tropic  tropopauce  may,  as 
we  will  see  below,  be  connected  with  peculiarities  in  the  vertical 
distribution  of  temperature  and  the  average  wind  velocity  and,  In 
particular,  with  the  dl  (Terence  In  the  ratios  between  the  altitude  of 
the  tropopause  and  the  altitude  of  the  level  of  maximum  wind  velocity 
in  the  middle  and  tropica!  latitudes. 

We  will  now  examine  tuu  distribution  of  turbulence  with  respect 
to  the  level  of  maximum  wind  speed.  This  distribution  is  shown  on 
Fig.  7.12  for  the  region  of  the  Far  East.  Curve  1  on  this  figure 
characterizes  the  average  Intensity  of  turbulence  6 ,  while  curve  2 
represents  the  average  Intensity  of  turbulence  with  account  taken  of 
the  frequency  of  calm  flights  and  is  calculated  according  to  the 
formula 

S  Hi** 

5 - .  (7.24) 


Here  Is  a  calm  flight  and  ri^  1?  the  number  of  such  flights. 

Curve  3  on  this  figure  characterizes  the  frequency  of  turbulence 
which  is  sufficient  to  affect  the  aircraft.  As  we  see,  two  layers 
of  the  atmosphere  in  which  turbulence  has  the  maximum  frequency  and 
greatest  average  intensity  can  be  rioted:  one  is  below  the  level  of 
maximum  wind  speed  and  the  other  is  above  it.  If  we  accept  that 
only  turbulence  with  an  intensity  0^  >  1.0  noticeably  Influences 
flight  conditions,  it  is  possible  to  evaluate  the  average  thickness 
of  the  turbulent  layer;  this  can  be  called  the  effective  thickness 
under  the  level  of  maximum  wind  and  above  it.  From  Fig.  7.12  It  is 
clear  that  for  the  Far  East  Region  the  effective  thickness  below  the 
level  of  maximum  wind  Is  approximately  equal  to  1.0  km. 

Presently  available  experimental  data  have  made  it  possible  to 
study  turbulence  only  In  the  layer  located  below  the  level  of  maximum 
wind  velocity.  As  yet  the  accumulation  ol'  experimental  data  on  tur¬ 
bulence  above  this  level  in  Inadequate. 
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Fig.  7.12.  Distribution 
of  frequency  (3)  and 
average  intensity  (?  and 
1)  of  turbulence  in  the 
zone  of  maximum  wind. 


On  the  basis  of  information  on  the  distribution  of  frequency  and 
average  intensity  of  turbulence  in  the  tropopause  region  and  in  the 
region  of  the  level  with  maximum  wind  velocity,  it  is  possible  to 
construct  three  models  of  the  distribution  of  turbulence  with  respect 


to  the  tropopause:  a  single-layer 
model  (Fig.  7.13)* 


two-layer,  and  a  three-layer 


Fig.  7.13.  Model  of 
turbulence  distribution 
in  the  zone  of  the 
tropopause  and  of  the 
level  of  maximum  wind. 


The  single-layer  model  of  turbulence  frequency  distribution  is 
typical  for  cases  of  weak  winds  in  the  tropopause  region,  with  which 
the  tropospheric  maximum  of  wind  velocity  la  barely  expressed,  if  at 
all.  In  this  case  the  layer  with  maximum  frequency  and  intensity  of 
turbulence  is  observed  only  under  the  tropopause  (Fig.  7.13a). 


The  two-layer  model  characterizes  a  situation  in  which  the 
altitude  of  the  tropopause  (1)  and  the  level  of  maximum  wind  (2) 

(Fig.  7.13b)  almost  coincide  or  in  which  the  tropopause  is  located 
above  the  level  of  maximum  wind  (Fig.  7.13c).  In  the  first  case  a 
•ingle  turbulent  layer  can  be  observed  under  the  tropopause,  along 
with  Intensified  influence  of  the  Jet  stream;  in  the  second  case  it 
is  in  the  layer  of  the  tropopause  and  is  conditioned  by  the  influence 
of  the  Jet  stream.  In  the  second  case  (Fig.  7.13c)  the  turbulent 
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layer  directly  under  the  tropopauae  la  Intensified  by  the  Influence 
of  the  Jet  stream. 

The  three-layer  model  of  turbulence  frequency  distribution  In 
the  tropopause  zone  Is  typical  for  canes  when  the  level  of  maximum 
wind  Is  located  above  the  tropopauae  (Fig.  7-13d).  In  this  case  two 
turbulent,  layers  are  arranged  above  the  tropopauae  and  one  beneath  It. 
Both  of  the  upper  layers  are  caused  by  the  Influence  of  the  Jet 
bream . 

Therefore  statistical  data  on  the  difference  Az  between  the 
altitudes  of  the  tropopauae  arid  of  the  level  wi  th  maximum  wind 
velocity  are  of  considerable  '  rest.  Figure  7.1*1  3hows  curves  of 
the  integral  frequency  of  tin  ntlty  Az  for  the  Moscow  and  Leningrad 
regions.  From  this  figure  it  is  clear  that  in  the  Moscow  region  In  the 
spring,  summer,  and  fall  cases  in  which  the  tropopauae  13  located 
uuove  the  level  with  maximum  wind  velocity  predominate,  while  in  the 
winter,  on  the  other  hand,  cases  below  this  [level  art-  dominant. 

Certain  numerical  characteristics  are  given  in  Table  7.11. 


V 


0  2  *  tkZkM 

Fig.  7.1*1 .  Integral  frequency  of 
the  difference  in  altitude  between 
the  tropopause  and  the  .level  of 
maximum  wind.  1  -  summer,  2  -  fall, 
3  -  winter,  *1  -  spring,  $  -  annual 
average  for  Leningrad. 


Table  7.11*  Frequency  (*)  of  the  difference 
between  the  altitude  of  the  tropopause  and  the 
altitude  of  the  level  with  maximum  wind 


KEY:  (1)  Season;  (2)  Spring;  (3)  Summer;  (4) 
Fall;  (5)  Winter. 


From  Table  7.11  it  la  clear  that  over  Moscow  the  tropopause 
i.-t  located  below  the  level  of  maximum  wind  in  33-34*  of  the  cases  in 
spring  and  summer.  In  39*  In  the  fall,  and  in  54*  of  the  cases  In  Mid¬ 
winter;  from  this  It  follows  that  the  three-layer  model  of  distribution 
of  turbulence  in  the  tropopause  zone  should  be  observed  quite 
frequently  above  Mosoow  in  the  fall  and  especially  In  the  winter. 

This  is  solidly  confirmed  by  data  from  radlosond  observations  with 
overload  attachments  (Belyayev  et  al.,  1965). 

We  will  note  that  data  presented  by  V.  I.  Vorob'yev  (I960) 
indicate  that  above  Leningrad  the  level  with  maximum  wind  velocity 
over  the  course  of  the  year  on  the  average  is  located  below  the 
tropopause  in  66*  of  the  cases,  coincides  with  the  tropopause  In  10* 
of  the  cases,  and  In  22*  the  tropopause  13  located  below  the  level 
or  maximum  wind  velocity.  As  we  see,  over  Moscow  the  frequency  of 
cases  when  the  level  with  maximum  wind  velocity  la  below  the  tropo¬ 
pause  la  close  to  that  given  Tor  Leningrad  (with  the  exception  of  the 
winter  period) . 

Tn  those  cases  when  the  level  with  maximum  wind  velocity  is 
located  below  the  tropopause,  the  difference  In  their  altitudes  for 
the  Moscow  region  in  spring,  summer  and  fall  does  not  exceed  3  km 
in  48-54*  of  the  cases;  when  this  level  is  located  above  the  tropo¬ 
pause  this  is  true  in  only  20-29*  of  the  cases,  on  the  average  the 
wind  velocity  maximum  Is  located  In  the  +3-km  layer  with  respect  to 
tropopause  altitude  In  74-82*  of  cases  in  the  summer  and  In  the 
transition  seasons,  while  for  winter  the  figure  is  54*.  Wr  will 
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note  that  Vorob'yev's  data  Indicate  that  over  Leningrad  the  level 
with  maximum  wind  velocity  is  located  in  a  layer  ranging  from  2  km 
be- low  the  tropopause  to  1  km  above  it  in  83#  of  the  cases. 

5  4.  CONNECTION  OF  TURBULENCE 
nr FfcCTING  AIRCRAFT  WITH  THERMAL 
AND  DYNAMIC  CONDITIONS  IN  THE 
ATMOSPHERE 


t.  Thi?  TnnMbility  of  Using  the 
Richardson  Number  A3  a  Criterion 
of  Turbulence  Sufficient  to  Affect 
Aircraft 

In  recent  years  many  works  have  appeared  concerned  with  the 
study  of  the  dependence  of  turbulence  sufficient  to  buffet  aircraft 
on  various  characteristics  of  the  temperature  and  wind-velocity  fields. 
In  particular,  it  has  been  found  that  aircraft  buffeting  behaves  as 
a  function  of  vertical  and  horizontal  gradients  of  average  wind 
velocity,  rotation  of  the  wind  vector  with  altitude,  horizontal 
temperature  gradients,  Richardson  number,  etc.  According  to  data 
presented  by  C.  S.  Hlalop  (1950,  1951),  buffeting  of  aircraft  was 
observed  during  vertical  gradients  of  average  wind  velocity  exceeding 
2  m/s  per  100  m  altitude  and  with  horizontal  temperature  gradients 
exceeding  5°  per  100  km.  Similar  results  were  obtained  by  I.  A. 

Klemln  and  N.  Z.  Pinu3  (195*0,  while  Yu.  V.  Kurilov  (I960)  concluded 
that  In  the  upper  troposphere  turbulence  is  most  probable  In  the 
presence  of  vertical  temperature  gradients  in  the  Interval  0. 6-1.0° 
per  10C  m  and  with  vertical  wind-velocity  gradients  exceeding  0.5  m/s 
per  100  m  of  altitude.  As  regards  horizontal  wind-velocity  vectors, 
according  to  Hl3lop*s  data  turbulence  was  observed  at  5  m/s  and  more 
per  100  km;  D.  Jones  (195*0  reported  observation  of  turbulence  at 
8-12  m/s  and  more  per  100  km.  According  to  data  provided  by  A.  A. 
lojhchikova  (196*0,  at  gradients  greater  than  17  m/s  per  100  km  the 
frequency  of  aircraft  turbulence  reaches  75#,  while  at  smaller 
gradients  it  drops  sharply  and  comprises  a  total  of  only  about  5#. 

Tr»  inr-iny  works  the  Richardson  number  is  used  for  evaluating  the 
turbulent  state  of  the  atmosphere  as  a  condition  causing  buffeting  of 
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aircraft.  In  the  work  by  I.  A.  Klunin  and  N.  Z,  Plnua  (195*0  it  was 
found  that  weak  buffeting  of  aircraft  la  observed  when  0.?  <  Hi  <  *)  , 
while  moderate  and  strong  turbulence  occur1  when  Ri  0.5.  Many 
foreign  researchers  have  arrived  at  approximately  similar  criteria. 
Thus,  for  example,  J.  Bannon  (1951a,  b;  1952)  considers  that  aircraft 
turbulence  is  observed  when  Ri  <  ;  .7.  Cugtmoto  (1950)  gives  a  figure 

Hi  <  3.5;  Saaaki  (1958)  gives  Ri  <  2.65,  and  M.  Berenger  and  J.  Heiosut 
(1959)  give  Ri  <  5. 

W.  Qeorgli  (I960)  evaluates  the  nature  of  the  motion  and  intensity 
of  turbulence  by  means  of  the  Richardson  number  as  follows:  Rl  s  1  Is 
a  quasllamlnar  flow;  0.5  < *Ri  <  1  in  weak  or  moderate  dynamic  turbu¬ 
lence;  0  <  Ri  <  0.5  is  moderate  or  strong  dynamic  turbulence,  and 
Rl  <  0  is  thermoconvect.tve  turbulence. 

B.  Briggs  (1961)  studied  105  cases  of  strong  turbulence  in  clear 
air  in  the  upper  troposphere  over  England  and  found  that  In  70%  of 
the  cases  turbulence  was  recorded  with  Ri  <  0.5.  In  80)5  of  the  cases 
of  strong  turbulence,  horizontal  gradients  of  average  wind  velocity 
exceeding  8  m/s  per  100  km  were  observed  along  with  such  extremely 
small  Rl  values.  Investigations  carried  out  by  R.  Endlich  and  R.  L. 
Mancuso  (1965)  showed  that  the  vertical  gradient  of  average  wind 
velocity  and  the  Ri  number  are  the  best  indicators  of  turbulence 
sufficient  to  affect  aircraft.  As  turbulence  indicators,  both  of 
these  parameters  give  approximately  identical  results  when  compared 
with  data  from  observations  of  aircraft  buffeting.  This  may 
apparently  explain  the  fact  that  in  the  absence  of  clouds  In  the 
upper  troposphere  the  vertical  temperature  gradient  changes  within 
comparatively  narrow  limits  and  therefore  changes  In  the  Ri  number 
are  determined  mainly  by  the  contribution  of  vertical  wind-velocity 
shear.  D.  Colson  indicates  a  satisfactory  connection  between  the 
probability  of  turbulence  in  clear  air  and  the  values  of  Rl  numbers 
of  vertical  gradients  of  average  wind  velocity  (1963). 

The  determination  of  the  critical  value  of  the  Richardson  number 
for  evaluating  turbulence  causing  buffeting  of  aircraft,  was  also  the 
subject  of  works  by  M.  V.  Xavarlna  (1959)  and  by  M.  V.  Zavarlna  and 
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M.  1.  Yudin  (I960).  For  this  purpose  they  utilized  data  of  simul¬ 
taneous  sounding  of  the  atmosphere  with  radiosondes  and  LI-2  aircraft 
(up  to  altitudes  of  5-6  km),  carried  out  at  a  number  of  points  of  the 
aerological  network  of  the  USSR  in  cloudy  weather.  ~ 

The  curve  Ri  *  1  Is  given  on  Fig.  7.15,  constructed  by  Zavarlna 
for  a  two-year  aeries  of  aircraft  and  radiosond  observations  in  Minsk 
(April).  As  is  clear  from  the  figure,  with  large  values  of  the 
vertical  temperature  gradient  y  the  greater  part  of  the  cases  with 
aircraft  buffeting  remain  to  the  left  of  this  curve.  If  we  draw  the 
curve  Ri  ■  4  on  the  figure,  nonetheless  many  cases  with  buffeting 
remain  on  the  left.  This  is  a  result  of  the.  fact  that  during  calcu¬ 
lations  of  Ri  number  for  evaluating  turbulence  In  clouds  it  is 
necessary  to  use  not  the  dry  adiabatic,  but  the  wet  adiabatic  tempera¬ 
ture  lapse  rate  [gradient].  The  curve  Riw  ■  1,  constructed  for  the 
case  when  the  moist  adiabatic  gradient  is  inserted  into  the  formula 
for  Ri  Instead  of  the  dry  adiabatic  rate,  satisfactorily  separates 
the  case  with  aircraft  buffeting  in  clouds  from  the  case  of  calm 
flight . 


lence .  [«i/ceH  ■  m/s;  0  ■  w]. 
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We  will  note  that  there  is  no  great  difference  In  the  upper 
tropoaphere  between  the  values  of  the  dry  (l0/iOO  m)  and  moist  adia¬ 
batic  temperature  gradients  (Table  7.12). 


Table  7.12.  Values  of  the  moist  adia¬ 
batic  temperature  lapse  rate. 
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0,800 

-40 

0,054 

0,042 

0,ft/2 

0,866 

-50 
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0,998 

0,000 

0,002 

0,085 

KEY:  (1)  Temperature,  °C;  (2)  Pres¬ 

sure,  mb. 

To  evaluate  the  success  of  application  of  the  Ri  number  in 
diagnosing  the  presence  of  buffeting  of  aircraft,  M.  V.  Zavarina  used 
the  coefficient  of  correctness  of  alternate  forecasts  proposed  by 
A.  M.  Obukhov  (1955)! 


Q~1  “(«  +  >).  (7.25) 

where  a  is  the  relative  number  of  unsuccessful  forecasts  (diagnoses) 
of  the  presence  of  buffeting,  while  B  is  the  relative  number  of 
unsuccessful  forecasts  (diagnoses)  of  the  absence  of  buffeting  of 
aircraft.  It  was  found  that  the  correctness  coefficient  varies  from 
0 . 68  to  0 . 86 . 

On  the  other  hand,  some  investigators  did  not  find  a  satisfactory 
correlation  between  Ri  number  and  turbulence  affecting  aircraft, 
especially  for  the  upper  troposphere  in  a  cloudless  sky.  Thus, 
according  to  N.  I.  Davydov  (1959)»  the  probability  "f  buffeting  of 
aircraft  in  the  upper  troposphere  and  lower  stratosphere  is  identical 
for  large  and  small  values  of  the  Ri  number.  C.  S'.  Hislop  was  also 
unable  to  establish  a  reliable  dependence  between  aircraft  turbulence 
and  the  value  of  the  Richardson  number.  I.  0.  Pchelko  (1962)  and 
Yu.  V.  Kurilov  (I960)  reached  similar  conclusions,  although  they  did 
Indicate  that  there  was  a  low  probability  of  aircraft  turbulence  with 
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large  Ri  numbers.  Wo  will  note  that  in  a  recent  work  (1966)  carried 
out  according  to  the  program  of  the  World  Meteorological  Organization, 
Pchelko  gives  data  concerning  the  fact  that  moderate  and  strong  air* 
craft  turbulence  exists  at  altitudes  of  6-10  km  above  the  USSR  in 
70-75*  of  the  cases  with  Rl  values  in  the  limits  0 . 0—  ^ . 0  and  in  35* 
of  the  cases  when  Ri  <  1.  Results  obtained  by  several  authors  are 
given  in  Tab le  7.13. 


Table  7.13.  Frequency  (%)  of  turbulence  as  a 
function  of  Richardson  number. 
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I.  A:  Klemln ,  N.  7.  Pinus  (195*0;  (H)  Yu.  V. 
Kurilova  (I960);  (5)  M.  Berenger  and  Helssat 
(1959) ;  (6)  I.  0.  Pchelko  (1962);  (7)  Ye.  K. 
Verle  (  1963);  (8)  A.  A.  Reshchlkova  (196*0; 

(9)  M.  V.  Zavarina  (1958);  (10)  Coefficient  of 
correctness  per  Obukhov  0.75. 


The  main  reason  for  the  great  scatter  of  data  given  in  Table 
7.13  in  the  fact  that  turbulence,  as  was  indicated  in  Chapter  1,  Is 
not  uniquely  connected  with  the  Ri  number.  Besides  this,  when  the 
Rl  number  is  calculated  from  network  aerological  data  it  is  necessary 
co  take  Into  account  the  large  errors  inherent  to  measurements  of 
wind  speed  and  direction,  especially  in  the  upper  troposphere  and 
lower  stratosphere.  For  this  reason  the  errors  in  Ri  calculations  can 
roach  200-300*  (Shmeter,  1957). 


An  extremely  important  circumstance  which  can  lead  to  erroneous 
values  rf  Ri  is  incorrect  selection  of  the  thickness  of  v  ie  layers 
■luring  calculation  of  the  values  of  vertical  gradients  of  temperature 
and  average  wind  velocity  entering  into  the  magnitude  of  Ri  (Zavarina, 
1959;  Pinus,  I960).  When  analyzing  available  experimental  data  on  the 


dependence  of  frequency  and  Intensity  of  turbulence  on  Ri  it  is  also 
necessary  to  consider  the  fact  that  in  a  number  of  cases  researchers 
had  at  their  disposal  materials  which  were  characterized  by  inadequate 
synchronization  of  aerological  observations  end  observations  of  air¬ 
craft  turbulence.  The  separation  of  observations  in  time  sometimes 
exceeded  3  h.  Besides  this,  frequently  the  point  of  aerological 
observations  was  separated  from  the  region  of  the  flight  by  100-200  km 
and  more. 

Along  with  this,  the  results  of  calculating  Ri  are  very  noticeably 
influenced  by  the  variability  of  temperature  and  wind  in  space  and  in 
time.  This  influence  is  strong  even  in  those  "ideal"  cases  when 
turbulence,  temperature,  and  wind  are  measured  on  one  and  the  same 
aircraft.  In  the  given  case  the  measurements  of  T  and  u  at  different 
altitudes  turn  out  to  be  asynchronous.  It  ic  known  that  the  tempera¬ 
ture  in  the  region  of  the  Jet  stream  at  any  given  altitude  can  change 
by  AT  ■  +2°  in  an  hour,  while  wind  speed  can  vary  by  Au  -  +(2-5)  m/s. 

The  Ri  number  is  very  sensitive  to  such  time  changes  of  temperature 
and  wind  speed.  We  shall  demonstrate  this  cn  the  following  example. 

Assume  that  at  some  moment  of  time  the  difference  between 
temperatures  on  two  levels  located  1  km  apart  equals  7°C;  the  difference., 
in  average  wind  speed  is  8  m/s ,  and  the  average  air  temperature  in 
the  layer  is  230°K.  The  Ri  number  for  this  laver  equals  2.02.  If  we 
now  take  the  variability  of  temperature  and  wind  speed  on  the  upper 
level  as  equal  to  the  quantities  given  above,  it  is  easy  to  compute 
values  which  can  be  obtained  under  the  condition  that  the  time  of 
measurements  on  the  two  levels  differs  by  1  h.  The  results  of  such 
a  calculation  for  Au  ■  +2  m/s  and  AT  =  +2°  are  given  in  Table  7  *  • 

Table  7.1*1.  Ri  as  a  function 
of  changes  in  wind  (Au)  and 
temperature  (AT)  on  the  upper 
level  in  an  hour. 
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Thus,  with  a  true  value  Ri  ■  2.02  the  values  of  this  number 
obtained  from  measurement  data  can  turn  out  to  be  completely  different : 
from  FI  *  0.*<3»  when  (according  to  Klemin  and  Pinus)  we  can  expect 
moderate  or  even  strong  buffeting  of  the  aircraft,  to  Rl  *  6.00,  when 
the  flight  should,  in  general ,  be  calm. 

H.  2,  Plnus  and  3.  M.  Shmeter  ( 19 6 2 )  used  materials  from  flight 
experiment:',  carried  out  In  the  Far  East  to  compare  average  data  on 
aircraft  buffeting  in  Jet  streams  with  average  values  of  Ri  number. 

The  dry  adiabatic  temperature  lapse  rate  was  used  in  the  calculations 
for  cloud-free  layers,  while  the  moist  adiabatic  gradient  was  used  for 
cloudy  layers.  In  the  majority  of  calculations  the  horizontal  tempera¬ 
ture  gradient  was  used  Instead  of  the  vertical  gradient  of  average  wind 
speed.  The  Ri  number  was  not  calculated  for  the  region  of  the  tropo- 
pausc. 

Figure  7.16  gives  the  distribution  of  average  values  of  Ri 
number  on  a  transverse  vertical  section  of  the  Jet  stream.  From  this 
figure  and  from  Fig.  7.10  it  Is  clear  that  in  the  zone  where  6  j>  1.8  - 
i.e.,  where  on  the  average  aircraft  buffeting  wa3  close  to  moderate  - 
1H  <<  1.  In  the  cold  portion  of  the  Jet  stream,  where  0  <  1.8, 

1  <  Rl  <  5.  To  the  right  of  the  Jet-stream  axis,  where  d  <  1.4, 
values  of  Hi  grow  quite  rapidly. 


SOO  .*00  too  0  200  <1 00  soo  too** 

Fig.  7.IC.  Distribution  of 
average  values  of  RI  on  a  vertical 
section  of  the  Jet  stream. 

Figure  7.16  shows  that  by  using  th?  Ri  number  it  is  possible  to 
obtain  the  background  of  turbulence  distribution  in  the  zone  of  a  jet 
stream,  but  not  the  details,  of  its  distribution  which  are  clearly 
visible  on  Pig.  7.10. 


D.  Colson  and  H.  A.  Panofsky  (1965)  undertook  to  evaluate  clear- 
air  turbulence  by  means  of  a  special  turbulence  index.  They  considered 
the  average  magnitude  of  the  energy  of  pulsations  of  the  vertical 

wind-velocity  component,  £'  =  --— ,  to  be  the  principal  quantitative 

characteristic  of  turbulence  intensity.  The  expression  for  E’  Is 
found  from  considerations  of  dimensionality  under  the  assumption  that 
E'  is  uniquely  determined  by  the  vertical  Beale  of  eddies  X  and  the 
rate  of  arrival  of  energy 


*.’*(#)'  +  *rf #• 


(7.26) 


where  o  is  a  quantity  somewhat  greater  than  unity,  characterizing  the 
fact  that  hydrostatic  forces  directly  Influence  pulsations  of  the 
vertical  wind-velocity  component,  whereas  .wind  shear  gives  rise  to 
pulsations  of  the  .longitudinal  wlnd-velw.  1 1 j  component}  the  energy  or 

these  pulsations  will  then  be  redistributed  a^ong  al)  the  components. 

....  ’  • '  \  ■  ' 

It  Is  further  assumed  that  As  X  the  thickness  of  the 

Ou 

turbulent  layer  Az  is  used,  while  -  is  replaced  by  the  ratio  of 
finite  differences.  As  a  result  the. authors  obtained  the  expression 


(7.27) 


On  the  basis  of  evaluation  of  empirical  data  It  is  assumed  tha*" 


The  quantity  J  5  E'  is  taken  as  the  Index  of  clear-air  turbulence. 
Colson  and  Panofsky  found  the  characteristic  valuer-  of  J  for  turbu¬ 
lence  of  various  intensities  over  the  territory  of  the  USA;  these 
"'-lues  agree  satisfactorily  with  experimental  data  on  aircraft 
buffeting. 
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D.  L.  Laykhtman  and  Yu.  Zh.  Al'ter-Zalik  (1966)  proposed  a  method 
for  using  aerological  data  to  evaluate  turbulence  causing  buffeting 
of  aircraft  in  the  free  atmosphere.  They  proposed  that  the  turbulent 
flow  ia  stationary  and  uniform  along  the  horizontal.  The  average 
spatial  scale  of  turbulence  was  evaluated  in  terms  of  the  magnitude 
of  the  "mixing  path"  in  the  Prandtl-Kfirm£n  3ense,  while  the  role  of 
thermal  stratification  of  the  atmosphere  was  assumed  to  be  similar 
to  the  role  of  the  vertical  wind-velocity  gradient,  then  the  known 
Kdrmdn  formula  can  be  generalized  for  the  scale  of  turbulence: 


(7.28) 


(where  <  ss  0.4  is  the 
stratified  atmosphere 


KSrinin  constant)  to  the  case  of  a  thermally 

(du  \ 1 

- J  lri  (7.28)  by  the  function 


1 AJ  -i-l 

'  dv  \s 

\  lit  )  M 

.  ) 

where  a  is  a  uantity  equal  to  the  ratio  of  the  coefficients  of 
turbulent  mixing  for  heat  and  momentum. 


I f  wc  ignore  turbulence  diffusion,  the  connection  between  the 
kinetic  energy  of  turbulence,  the  average  turbulence  scale,  and  the 
vertical  distribution  of  wind  velocity  and  air  temperature  is  described 
by  the  following  equations: 


X-It>  -«  =0, 

(7-30) 

K  -•/(£')*, 

(7.3D 

i 

(7.32) 

(7.33) 

where  K  is  the  coefficient  of  turbulent  mixing;  E'  is  the  kinetic 
energy  of  turbulence;  e  is  the  rate  of  dissipation  of  turbulent  energy 
into  heat;  c  and  k  are  dimensionless  constants  equal  to  0.046  and  0.37, 
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respectively .  The  donstant  2  ia  connected  to  the  K6rm£n  constant  by 
the  relationship 

If  the  vertical  distribution  of  temperature  and  average  wind 
velocity  is  known  it  is  possible  to  obtain  the  principal  characteristic 
of  turbulence: 

£,~0.75ctgs*,  (7. 31*) 

/^(Utol’clgT. 

where 

Calculations  by  D.  L.  Laykhtman  and  Yu.  Zh.  Al'ter-Zalik  with 
formula  (7. 3*0  are  confirmed  by  data  from  experimental  studies. 

b.  Connection  Between  Turbulence 
and  the  Divergence  of  Horizontal 
Wind  Speed 

During  theoretical  consideration  of  turbulence  in  the  free 
atmosphere  it  is  usually  assumed  that  the  flow  is  uniform  along  the 
iorizontal.  Actually,  as  we  have  seen,  in  a  Jet  stream  the  horizontal 
gradients  of  wind  velocity  are  substantial  and  very  variable.  The 
fact  that  many  researchers  ignore  the  role  of  horizontal  wind-velocity 
gradients  is  based  on  the  fact  that  the  latter  are  at  least  an  order 
of  magnitude  less  than  the  vertical  gradients  of  average  wind  velocity. 

S.  K.  Kao  and  A.  H.  Sizoo  (1966)  used  materials  from  flight 
experiments  carried  out  above  the  USA  during  the  "Jet  Stream"  project 
to  study  the  dependence  of  the  frequency  of  turbulence  of  different 
intensity  on  the  sign  and  modulus  of  the  divergence  of  horizontal  wind 
velocity  (the  so-called  plane  divergence). 

The  following  expression  was  used  for  calculations  of  plane 
divergence : 


(7.36) 


v«  u  t  j,  ' 

where  ?.  Is  altitude;  vy  Is  wind  speed  parallel  to  the  Jet  axis,  and 
v(j  is  the  speed  of  wind  normal  to  the  Jet  axis.  The  quantity  Avn  was 
obtained  from  data  of  the  aircraft  Doppler  navigation  system,  since 
the  flights  were  carried  out  across  the  axis  of  the  Jet  3tream;  Av. 
was  calculated  from  data  of  network  radio  wind  observations;  As  and 
An  wore  taken  as  equal  to  b  5  and  111  km,  respectively. 

It  was  found  that  turbulence  frequency  (?%)  as  a  function  of 
plane  divergence  of  wind  velocity  can  be  described  by  the  exponential 
function 


(7.37) 

The  parameters  a  arid  b  depend  essentially  on  the  Intensity  of  turbu¬ 
lence  (Table  7.13). 

Table  7.1b.  Values  of  the  parameters 
a  and  b  and  of  the  range  of  change  in 
the  magnitude  of  plane  divergence  V  *v 


as  a  function  of  turbulence  intensity. 
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With  an  Increase  in  the  Intensity  of  turbulence  the  magnitude 
of  the  parameter  a  is  reduced,  while  parameter  b,  on  the  other  hand, 
grows.  Besides  this,  with  an  increase  in  wind  velocity  convergence 
(V,«v<0)  the  intensity  of  turbulence  buffeting  the  aircraft  grows. 
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c.  Certain  Synoptic  Condltlono 
Which  Favor  the  Development  of 
Turbulence  Sufficient  to  Influence 
the  Flight  of  Aircraft 

Charts  of  the  baric  topography  of  different  levels  are  used  by 
many  investigators  to  clarify  the  particular  features  of  the  pressure 
field  or  the  wind-velocity  field  at  which  the  presence  of  conditions 
favorable  for  the  development  of  turbulence  sufficient  to  influence 
aircraft  flight  la  most  probable.  In  this  case  it  is  most  essential 
to  clarify  those  regions  in  the  fields  of  pressure  or  of  wind  velocity 
where  clear  air  turbulence  can  be  observed. 

I.  0.  Pchelko  (1962)  considers  that  favorable  conditions  for 
turbulence  development  in  the  upper  troposphere  are  observed  in  the 
cyclonic  portion  of  the  Jet  stream  and,  mainly,  to  the  left  of  Its 
axis,  where  in  his  opinion  the  dominant  role  is  played  by  horizontal 
vind  shear  across  the  flow;  he  alco  considers  that  favorable  condition 
can  be  observed  also  in  the  zone  of  divergence  of  current  lines, 
accompanied  by  anticyclonic  curvature  of  the  current  lines  where  the 
horizontal  wind  shears  are  directed  along  a  flow.  Moderate  and  strong 
turbulence  Is  observed  if  the  horizontal  gradient  of  average  wind 
velocity  on  short  segments  Is  greater  than  50  km/h  per  100  km. 

I.  G.  Pchelko's  article  (1966)  gives  data  which  indicate  that  in 
the  cyclonic  part  of  Jet  streams  moderate  and  strong  turbulence  is 
observed  most  frequently  with  comparatively  small  horizontal  wind 
shears  (less  than  10  m/s  per  100  km)  but  with  comparatively  large 
vertical  shears  (over  0.8  m/s  per  100  m)  and  considerably  less 
frequently  with  large  horizontal  shears  (over  10  m/s  per  100  km)  and 

small  vertical  shears  (less  than  0.8  m/s  per  100  m) .  According  to 

this  work,  in  the  anticyclonic  part  of  Jet  streams  moderate  and  strong 
turbulence  is  observed  with  small  horizontal  and  vertical  wind  shears 
(less  than  10  m/s  per  100  km  and  0.8  m/s  per  100  m) .  At  the  same 

time,  according  to  A.  A.  Reshchikova  (196*0,  who  processed  material? 

from  the  flight  experiments  conducted  on  an  aircraft  equipped  with  a 
Doppler  navigation  system,  the  frequency  of  turbulence  with  rind 
shears  smaller  than  60  km/h  per  100  km  does  not  exceed  9-13?,  whereas 
at  larger  values  of  shear  it  reaches  75!?. 


309 


We  should  note  a  contradiction  In  the  data  of  many  researchers 
concerning  the  dependence  of  the  frequency  of  t  ulence  which 
Interferes  with  aircraft  flight  on  the  curvatur>  >f  ioohypses  and 
divergence  of  the  lines  of  flow  in  Jet  streams  and  al  "  about  the 
characteristic  magnitude  of  horizontal  wind  shear.  To  a  considerable 
extent  this  is  the  result  of  differences  in  the  procedure  used  by 
the  different  authors  for  analysis  of  charts  of  baric  tope  ohy  and 
comparison  with  the  data  on  aircraft  buffeting.  Furthermore,  some 
authors  use  data  on  wind  obtained  on  the  comparatively  thin  aerologieal 
network,  thanks  to  which  the  averaging  during  the  calculations  of  the 
horizontal  wind  shear  is  great,  whereas  other  authors  use  the  data  of 
airborne  measurements  which  allow  calculation  of  wind  shear  for 
relatively  short  distances,  comparable  to  the  horizontal  scales  of 
turbulent  zones.  According  to  Reshchikova  (1964),  turbulent  zones  in 
most  cases  are  observed  directly  in  the  zone  of  large  wind  shears. 

Cases  are  encountered  in  which  turbulence  is  observed  in  zones  with 
small  horizontal  shears  (in  a  zone  of  strong  winds)  in  immediate 
proximity  to  sections  with  the  large  shears.  Naturally,  the  data 
from  the  aerologieal  network  are  not  always  suitable  for  evaluation 
of  the  magnitude  of  horizontal  wind  shear  in  a  zone  in  which  turbulence 
causing  buffeting  of  an  aircraft  was  observed. 
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CHAPTER  8 


TURBULENCE  IN  CLOUDS 

Turbulence  1b  usually  more  strongly  developed  In  clouds  of  any 
type  than  In  the  surrounding  atmosphere.  This  is  connected  principally 
with  the  fact  that  indifferent  or  even  unstable  temperature  stratifi¬ 
cation  is  frequently  observed  in  cloud3,  especially  cumuliform. 
Turbulence  in  them  could  also  be  intensified  by  the  great  horizontal 
nonuniformity  of  the  fields  of  air  temperature  and  density  which  Is 
characteristic  for  these  clouds. 

On  the  immediate  upper  edge  of  the  clouds  turbulence  is  intensi¬ 
fied  by  a  sharp  local  Increase  in  vertical  temperature  gradients 
owing  to  the  cooling  of  the  air  occurring  here  due  to  evaporation  of 
cloud  elements;  at  night  cooling  is  also  caused  by  radiation.  Besides 
this,  in  this  layer  there  is  sometimes  strong  rotation  of  the  wind, 
which  facilitates  an  Increase  in  dynamic  instability  of  the  flow. 

Finally,  one  should  consider  that  turbulence  is  one  of  the 
main  cloud- forming  factors;  owing  to  turbulence  cloud?  develop  most 
often  in  the  zones  in  which  the  general  "turbulent  background"  is 
elevated. 

§  1.  TURBULENCE  IN  STRATIFORM  CLOUDS 

Until  recently  the  intensity  of  turbulence  in  stratiform  clouds 
was  determined  basically  in  terras  of  the  g-forces  experienced  by 
aircraft  during  flight  -  i.e.,  according  to  data  on  the  intensity 


of  buffeting.  Table  8.1,  based  on  materials  developed  by  N.  Z.  Plnus 
(I960),  shows  the  frequency  of  buffeting  of  high-speed  aircraft  in 
various  clouds. 

Table  8.1.  Frequency  (in  %)  of  aircraft  buffeting 
in  clouds  of  different  types. 


S»fr.:  Si:  Sc  Vi  -Ai  Ac  Cl;  Ci;  C< 

3«.0  K>,0  29,0  34,0 

KEY:  (1)  Without  exact  definition  of  form. 

Very  similar  data  were  obtained  for  St  and  Cc  clouds  by 
Ye.  G.  Zak  (1938)  and  for  clouds  of  the  upper  layer  by  S.  M.  Shmeter 
(I960);  by  Shmeter's  evaluation,  in  particular,  the  frequency  of 
buffeting  in  Ci  and  Cs  was  about  10  times  greater  than  in  a  clear 
sky  at  the  same  altitudes. 

In  the  overwhelming  majority  of  cases  the  speeds  of  vertical 
air  gusts  (wT)  in  stratiform  clouds  do  not  exceed  2-3  m/s.  For 
example,  according  to  M.  Watson  (1967)  inside  Ac  they  do  not  exceed 
2.2  m/s.  According  to  his  data  the  magnitudes  of  wt  depend  on  the 
verti  :al  gradients  of  temperature  and  wind  within  the  cloud  layer. 
However,  If  a  deep  inversion  is  located  above  Ac  clouds  the  turbulence 
at  their  upper  edge  is  weakened. 

Individual  gusts  with  a  velocity  approaching  10-15  m/s  can  be 
observed  In  stratiform  clouds  above  mountains  and  in  Intensive  Jet 
streams. 

The  most  intensive  turbulence  is  observed  with  the  greatest 
frequency  near  the  boundaries  of  the  cloud  layer,  especially  if 
these  boundaries  are  uneven.  Within  the  cloud  layer  turbulence 
intensity  depends  on  the  structure  of  the  cloud.  In  clouds  which  are 
uniform  in  density  it  usually  is  not  great.  If  tne  clouds  are 
optically  nonuniform  -  i.e.,  if  more  and  less  dense  segments 
alternate  within  them  -  the  intensity  of  turbulence  can  be  substantia). 
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It  should  be  noted  that  in  very  thin  clouds  turbulence  is  usually 
the  same  as  in  the  surrounding  cloudless  air. 


Up  to  now  no  systematically  organized  data  have  been  published 
on  the  frequency  of  gusts  of  different  magnitudes  in  low-level  and 
high-level  stratiform  clouds.  Table  3.2  presents  data  for  high-level 
clouds  obtained  during  flight  studies  carried  out  in  1939-1964  by 


S.  M.  Shmeter. 


Table  8.2.  Speed  of  vertical  gusts  wT  In 
turbulent  zones  within  Ci  and  Cs. 


(i) 

v,  m/cck. . 

( 2) 

IlMTOptCNOCrk,  *ik  • 


<1  1-1  2,1—4 


KEY:  (1)  m/s;  (2)  Frequency,  %. 


The  length  of  segments  within  which  wy  >  4  m/s  does  not  exceed 
10  km.  Segments  with  wt  <  2  m/s  can  have  a  length  up  to  several 
ten3  of  kilometers.  Occasionally  the  size  of  perturbed  zones  is 
close  to  the  size  of  the  entire  cloud  field,  but  usually  this  is 
observed  only  near  the  upper  edge  of  strongly  heated  Cs. 


Table  8.3,  taken  from  the  article  by  Yu.  V,  Kurliova  (I960); 
shows  the  relative  extent  of  perturbed  zones  in  clouds  on  the  basis 
of  buffe  ting  data. 


a.  Coefficient  of  turbulent  exchange 
In  stratiform  clouds 


During  studies  of  turbulence  in  low-level  stratiform  clouds 
substantial  attention  has  been  paid  to  determining  the  coefficient 
of  turbulence  K  in  them,  since  knowledge  of  this  quantity  is 
necessary  for  theoretical  calculation  of  the  cloud-formation  process, 
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Table  8.3.  Relative  extent  or  segments  with  buffeting  within  clouds. 
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30,0 

ci,  Cc 

no 

28,8 

fff.o 

±0,22 

Cu,  Sc 

860 

395,8 

■hT 

±0.82 

KEY:  (1)  Type  of  clouds;  (2)  Total  length  of  path  In  clouds,  km; 

(3)  Length  of  segment  with  buffeting,  km/% ;  (4)  Greatest  overload  In 
fractions  of  g;  (5)  solid;  (6)  In  layers. 


M.  P.  Churlnova  (1955)  calculated  K  from  data  of  pilot-balloon 
observations,  using  the  formula  proposed  by  D.  L.  Lnykhtman  (1952): 


1 

r 


K  - 


_ _ , 

-jjr  UPg  -  “)J  + 


(8.1) 


where  l  Is  the  Coriolis  parameter,  e  is  the  natural  log  base,  U  is 

D 

the  speed  of  the  geostrophic  wind,  and  u  and  v  are  components  of  the 
velocity  of  the  actual  wind.  Table  8 . h  gives  the  results  of  the 
calculations . 


As  is  evident  from  tills  table,  the  coefficient  of  turbulence 
within  clouds  is  approximately  20$  greater  than  that  in  a  cloud  less 
sky. 

L.  T.  Matveyev  (1958'',  M .  A.  German  (1963,  1964)  and  V.  Ye. 
Minervin  (1966)  calculated  K  In  clouds  in  different  types  from  data 
on  g- force  increments  of  aircraft.  The  calculations  were  carried 
out  by  the  Lyapin' -Dubov  formula: 
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(8.2) 


where  b  is  a  proportionality  factor  depending  or.  the  aerodynamic 
characteristics  of  the  aircraft;  7  is  the  averaged  time  of  retention 
of  the  sign  of  the  g-foree  increment  (An);  A  -  -it;  V  is  the  speed 
of  the  aircraft.  Tables  3.5  and  8.6  show  the  resuits  of  the  calculations. 


Table  8.4. 
layer. 


Average  value  of  turbulence  coefficient  K  in  the  frictlr.r 
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KEY :  (1)  Type  of  cloudu;  (2)  Season;  (3)  m‘7s »  (4)  m/s;  (5)  Number 
of  cases;  (6)  Summer;  (7)  Winter;  (8)  Cloud-free. 

Table  3.5.  Frequency  (in  %)  of  different  values  of  turbulence 
coefficients  in  clouds  (per  M.  A.  German). 
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KEY :  (1)  Turbulence  coefficient,  nv/s ;  (2)  Type  of  clouds;  (3) 
Number  of  cases;  (4)  Warm  half  of  year;  (5)  Cold  half  of  yea". 


318 


i..uii.illlillj|iitikiiiiuiiliii  IIM'iiJ  i-i.ii.-jirifaiJllillDJlii  HIM! 


'J’riblti  8.6.  Average  and  maximum  .lues  u f  K  in  m‘  /;;  within  and 
outside  or  clouds  . 
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KKY :  (1)  Inside  clouds;  (?)  Outside  cloud;;  at  an  altitude  of  (km); 

(3)  Author;  (A)  Warm  half'  of  year;  (9)  Average;  (6)  Maximum;  (7) 

M.  A.  German;  (8)  Cold  hall'  of  year;  (9)  L.  T.  Matveyev. 


V.  b.  Litvinova  and  V.  1.  Gilayeva  (i960)  calculated  value a 
of  K  from  data  obtained  by  measuring  the  pulsations  of  vertical  ait 
velocity  on  free  balloons.  The*  value,,  of  K  was  found  according  to 
the  'f,  Hesse lborg  formula 


K  -  «l  • 


(8.3) 


whore  *.  i.r;  the  average  time  of  retention  of  the  sign  of  the  pulsation 
velocity;  '  in  the  i.’.evri  square  speed  of  vertical  gusts. 


It  was  found  that  in  ot-lc  values  of  K  lie  within  the  limits 


From  the  above  it  is  clear  that  in  low- level,  strati  form  clouds 
the  vaJv.es  of  K  derived  by  different,  authors  do  nut  agree  with  one 
•Mr. other.  ':’he  main  reason  for  this  is  the  multiplicity  of  scales  of 
atmospheric  turbulence,  due  to  which  eddies  of  different  dimensions 
(L)  participate  In  exchange,  with  their  specific  contribution  In 
this  process  being  different  -  i.e.,  K  -  K(L)  .  Lirice  the  use  or 
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different  methods  of  measuring  w  results  In  data  relating  to  different  | 

segments  of  the  turbulence  spectrum,  the  values  of  K  which  are  | 

computed  with  their  aid  do  not  necessarily  coincide.  Differences  I 

In  the  measurement  procedure  should  also  be  taken  into  account.  j 

Thus,  v.’her.  pilot  balloons  are  used  the  measurements  are  conducted  i 

during  ascent  -  J  .e.  ,  approximately  along  the  vertical.  Measurements 
on  free  balloons  are  carried  out  for  the  entire  period  In  one  and 


the  same  volume  of  air,  i.e.,  it  is  not  spatial  but  temporal  fluctua¬ 
tions  in  w  which  are  determined,  etc. 

During  analysis  of  K  values  calculated  with  respect  to  aircraft 
g-forces  one  should  take  into  account  the  following  special  features 
of  the  method  of  measuring  the  g-forces.  First  of  ail,  as  wa3 
indicated  in  Chapter  2,  an  increment  in  overloads  is  caused  only  by 
comparatively  large  eddies,  whose  size  is  comparable  with  the  size 
of  the  aircraft.  Secondly,  the  low  threshold  sensitivity  of  ordinary 
accelerograph3  causes  filtering  out  of  gusts  with  w  <  0. 3-0.5  in/s . 
Finally,  in  the  third  place,  because  aircraft  overloads  arise  only 
in  zones  with  intensive  turbulence,  the  values  of  K  obtained  with 
respect  to  these  forces  characterize  not  the  level  of  turbulence 
on  the  average  for  an  entire  cloud,  but  Its  intensity  in  turbulent 
zones  within  the  cloud.  We  have  already  Indicated  that  the  extent 
of  such  zones  in  stratiform  clouds  In  the  general  case  comprises  less 
than  half  their  lengcn,  which  means  that  the  turbulence  coefficient 
averaged  for  the  entire  cloud  should  be  much  less  than  indicated  in 
Tables  3. 5- 8. 6. 

We  will  now  examine  the  variation  in  K  within  clouds  along  the 
vertical.  Examples  of  K-dintributlon  in  low-level  stratiform  clouds 
are  given  on  Figure  8.1.  Inside  the  clouds  the  magnitude  of  K  changes 
comparatively  rapidly  with  altitude,  where  it  is  maximum  at  the  edges 
of  the  cloud.  Especially  large  K  are  encountered  at  the  upper  boundary 
of  the  clouds  with  a  heaped  upper  edge.  II'  stratified  cloudiness  is 
observed,  K  will  be  sharply  reduced  in  the  cloud-free  intervals. 

As  the  studies  carried  out  by  T.  A.  Tsitovich  (1952)  and  A.  A. 
Reshchikova  (I960)  indicated,  a  picture  of  this  type  is  typicaj  not 
only  for  internal  clouds,  but  also  for  Ns-As  frontal  cloud  systems. 
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Fig.  8.1.  Vertical  profiles  of  the  coefficient  of  turbulence  (per 
M.  A.  German).  a)  Sc,  20  February  1^61 ;  b)  Ns -As,  2;l  January  1958; 
c)  Ac,  23  January  1958;  d)  St,  3  March  1961 . 

KEY:  (1)  m2/s. 


The  vertical  dlstrlLut.  Ion  of  the  intensity  of  tne  turbulent 
exchange  In  stratiform  clouds  can  oe  illustrated  also  by  the  vertical 
profiles  of  spectral  densities  of  turbulence.  Figure  8.2  shows 
examples  of  such  profiles  taken  frum  an  article  by  A.  3.  Dubov  and 
M.  A.  German  (1965). 


Mu  H  Af 


Fig.  8.2.  Vertical  profiler,  of  spectral  densities  of  turbulence 
(per  A.  3.  Dubov  and  M.  A.  German)  in  Sc  arid  Ac. 

1)  L  =  290  m,  2)  I,  =  boo  in ,  3)  I.,  =  750  m,  b  *  1001)  m. 


Values  of  K  also  change  rapidly  in  the  horizontal  direction; 
this  is  noticeable  from  the  structure  of  buffeting  zones,  which  are 
characterized  by  the  fact  that  inside  the  clouds  perturbed  and 
unperturbed  segments  alternate  with  one  unother  in  time,  with  the 
transition  from  zones  of  buffeting  to  segments  of  calm  flight 
occuring  very  sharply.  Measurements  showed,  for  example,  that  close 
to  the  cloud  boundaries  and  (s  -  horizontal  coordinate)  can 
exceed  0.2-0. 3  m/s. 


§  2.  TURBULENCE  IN  CUMULIFORM  CLOUDS 


One  of  the  characteristic  features  of  cumuli  form  clouds  is  the 
presence  within  them  and,  sometimes,  close  to  them  of  exceptionally 
strong  vertical  and  horizontal  turbulent  gusts.  The  scale  of  the 
gusts  can  vary  in  extremely  wide  limits,  so  that  inside  the  clouds 
turbulent  eddies  with  a  crus3  section  in  cumulus  clouds  ranging  from 
several  meters  to  several  tens  of  meters ,  and  lr.  cumulonimbus  clouds 
even  hundreds  of  meters,  can  coexist.  if  wc  consider  convective 
(mesoscalar)  vertical  flows  to  be  also  elements  of  turbulence, 
within  Cb  it  is  possible  for  elements  of  thermal  turbulence  to  exist 
with  transverse  dimensions  reaching  several  kilometers. 


a.  Turbulence  In  cumulus  clouds 

The  turbulence  In  Ou  hum.-Cu  mod.  clouds  Is  basically  thermal; 
dynamic  Instability  caused  by  large  flow-velocity  gradients  begins 
to  play  a  significant  role  in  the  formation  of  turbulence  only  at 
the  boundaries  of  thermals,  an  area  for  which  these  gradients  are 
characteristic . 

The  largest  elements  of  turbulence  In  clouds  are  thermals. 

Their  cross  sections  can  sometimes  approach  2-3  km  in  size,  although 
N.  I.  Vul'fson  (iy6la,  1961b)  indicates  that  the  probability  of 
appearance  of  such  large  thermals  is  small;  this  quite  clear  from 
Fig.  8. 3  and  Table  8.7. 


Table  8.7.  Change  with  altitude  of  convection 
parameter:;  In  t.'u  hum.-Cu  med.  clouds. 
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Remarks :  m  Is  the  ratio  of  the  size  of  the. 

horizontal  axes  of  thermals  to  the 
vertical  axes.  it  Is  assumed  that 
a  bubb.e  will  have  the  form  of  ari 
ellipsoid  of  revolution. 


KEY:  (1)  flight;  altitude,  m;  {?_)  Dimensions 

of  thermals  (average);  (!)  Concentration  of 
thermals;  ( it )  Relative  area  (volume)  of 
ascending  flows;  (h)  above  the  earth;  (6) 
above  the  base  of  the-  clouds;  (7)  Jet;  (8) 
bubbles;  (9)  Jet,  km-;  (lu)  l/m  bubbles/km^. 


The  horizontal  dimensions  of  thermals,  R,  vary  with  altitude 
according  to  a  linear  Jaw.  for  example,  for  a  Jet 


K*S?.7  +  0,015* ,  (8.1i) 

where  z  is  attitude  in  meters,  counted  upwards  from  the  base  of  the 
cloud.  The  vertical  velocity  at  any  point  of  the  Jet  up  to  an 
altitude  comprising  about  1!/'J  of  the  thickness  of  the  clouds  above 
the  base  is  determined  by  the  relationship 


a 

w  0.02- r 


(8.^5) 


where  r  is  the  distance  from  the  axis  of  the  jet  to  the  given  point. 
According  to  M.  I.  Vul’Tson'o  data,  around  the  peaks  of  the  growing 
cumulus  clouds  there  Is  a  relatively  broad  zone  of  descending  compen 
sat  ion  flows  whose  speed  1 several  times  less  than  the  speed  of 
ascent  of  air  n  the  thermal:;. 
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Fig.  8.3*  Size  distribution  of  con¬ 
vective  flows  in  clouds  (1)  and  outside 
the  clouds  (2).  a  -  jets;  b  -  "bubbles." 


Studies  carried  out  in  the  USA  on  the  structure  of  vertical 
turbulent  gusts  Inside  cumulus  clouds  showed  that  on  the  average 
the  slope  of  the  spectrum  S(Q)  inside  them  corresponds  to  the  "minus 
five  thirds"  law;  the  mean  square  velocity  of  gusts  was  found  to  be 
1.16  m/s.  As  is  evident  from  Fig.  8.4,  the  probability  of 
encountering  vertical  gusts  of  a  given  velocity  inside  cumulus  clouds 
is  100-1000  times  greater  than  in  clear  air.  This  difference  grows 
with  an  increase  in  w. 


Fig.  8. A.  Probability  of  encoun¬ 
tering  vertical  gusts  of  a  given 
magnitude  (per  Steiner  and 
Rhyne).  1  -  outside  the  clouds; 

2  -  in  Cu;  3  -  In  Cb. 

KEY :  (1)  gusts/km;  (?)  w  m/s. 
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Tlie  structure  and  distribution  ul1  turbulent  series  around  cumulus 
clouds  have  been  studied  only  r or  trade-wind  Cu  (Ackerman,  19581. 
According  to  these  studies,  the  area  of  the  turbulized  zone  around 
trade-wind  Cu  is  1.5  tliiii.s  greater  than  the  area  of  the  cioud  at  the 
Same  aititude.  In  this  re.;e  the  turbu  Lent  Zone  is  most  frequently 
asymmetr l cai  and  Is  extended  along  the  vector  of  vertical  wind  shear 
(Kig.  8.5).  Thus,  during  379  crossings  of  78  clouds  Ackerman 
observed  a  symmetrica  I  perturbed  zone  in  only  .77?!  of  the  cases. 

Pig.  8.5.  Distribution  of 
turbulence  In  the  zone  or  .1 
cumulus  cloud  (per  Ackerman). 

Arrow  indicates  the  direct  Lon  of 
the  wind  shear  vector.  1  - 
boundary  of  cloud;  2  -  boundary 
of  turbulent  zone. 


According  to  Ackerman's  data  turbulence  develops  most  strongly 
ahead  of  the  cloud  while  J.  Malkus  (19*19)  indicated  that  it  is  more 
developed  behind  the  cloud  (relative  to  the  direction  of  the  wind 
shear  vector).  Such  a  divergence  in  opinion  may  possibly  be  explained 
by  the  fact  that  Malkus  drew  his  conclusions  fur1  moderate  ana  strong 
turbulence,  while  Ackerman  considered  turbulence  without  respect  to 
its  Intensity. 

The  Ackerman  studies  also  showed  that  as  clouds  "age"  the 
dimensions  of  their  turbulent  zones  continually  increase  (especially 
behind  Cu).  Even  after  the  cloud  Lias  completely  evaporated  the 
segment  of  the  atmosphere  where  it  was  located  up  to  this  point  remain 
more  perturbed  than  the  surrounding  air  -  l.e.,  turbulent  zones  live 
longer  than  the  clouds  with  which  they  are  associated.  Vie  will  note 
that  similar  data  were  obtained  by  V.  A.  Zaytsev  and  A.  A.  Ledokhovlch 
(1961)  for  Cu  cong. 


Fig.  8.6.  Speeds  of  vertical  motion  of  air  within 
the  peaks  of  cumulonimbus  clouds  (per  S.  M.  Shineter 
and  V.  I.  Siluyeva).  a  -  growing  cloud  (24  July 
1964 ,  near  Kiyev,  flight  altitude  8680  meters , 
height  of  upper  edge  of  Cb  10-11  km);  b  -  mature 
cloud  (14  August  1961,  near  Voronezh,  flight 
altitude  10,700  meters,  height  of  upper  cage  of 
Cb  approximately  12,000  m)  ;  r.  -  beginning  of  stage 
of  dissipation  (8  August  1964,  near  Helen  Lake, 
flight  altitude  8,900  m,  height  of  upper  edge 
Cb  approximately  12,000  m). 

KEY :  ( 1 )  w,  m/s  . 


b.  Turbulence  In  cumulonimbus  clouds 


Most  frequently  L  <  200  m  within  cumulonimbus  clouds,  but 
liiesoscalar  flows  with  cross  sections  exceeding  9-7  km  arc  also 


encountered .  Narrow  flows  with  I,  <_  o.'j-i.O  km  have  the  nature  of 
shori-cycle  turbulent  guslis  for  which  magnitude  and  sign  of  velocity 
vary  rapidly  with  time.  The  moot  charact eristl c  feature  of  auch 
gusts  is  the  uniform  probability  of  ascending  and  descending  motions 
oil  al  i.  stages  of  cloud  development. 


The  characteristics  Inherent  to  mesosca la r  flows  arc  different. 
Their  horl  /.onto  1  dimenr.  ions  vary  from  sever;!  !  hundreds  of  motors  to 
id- 1 .’  km,  while  Velocity  changes  comparatively  slowly  with  time, 
retaining  Its  sign  for  several  minutes.  The  predominant  direction 
of  such  flows  depends  on  the  stage  of  cloud  development  (fig.  8.0). 
Within  growing  ciouds  mainly  ascend  trig  flows  arc  observed.  At  the 
end  of  the  mature  stage  of  development  ascending  flows  are  retained 
mulnly  in  the  dome  portion  of  the  cloud,  while  air  most  frequently 
descends  in  Its  anvil.  '•'Inaliy,  in  the  decay  stage  the  ascending 
mesoscaiar  flows  virtually  u  Is  appear .  I'he  ascending  and  descending 

mo 3. oscular  flows  represent  branches  of  convective  circulation  and. 

In  the  end,  they  detenu  I  nr  all  of  the  principal  characteristics  of 
the  cloud  -  Its  dimensions,  liquid-water  content;  intensity  and  nature 
of  precipitation,  etc.  As  .is  clear  from  Pig.  8.6,  vertical  flows 
inside  clouds  are  usually  the  result  of  mutual  Imposition  of  short- 
period  (turbulent)  gust.:  on  mesosca la r  flows. 


o .  Mososcalar  flows  inside  < ' b 


The  presence  within  do  o"  a  nuns !  -stat  1  onury  heat,  source  created 
uy  the  intensive  condensation  of  water  vapor  occuring  inside  the  cloud 
Leads  to  a  situation  In  which  elements  of  convection  apparently  have 
the  form  of  Jets.  Pur  example,  11.  Byers  and  R.  Braham  arrived  at 
this  conclusion  on  the  basin  of  results  of  analysing  data  from 
simultaneous  intersection  of  Cu  uoug.  and  Cb  at  different  levels 
with  several  aircra  !  t . 


b ,  Vonnogut  cl  el.  (see,  '\,r  example,  the  article  by  Andersen, 
196s)  compiled  data  on  the  tension  of  the  cable  of  a  captive  balloon 
placed  inside  a  Cb,  S'JO  m  above  .its  banc,  with  the  speed  of  growth  of 
the  apex  of  the  cloud.  Altncugii  the  latter  was  located  j-7  km 


higher  than  the  base  of  the  Cb,  It  was  found  that  with  growth  of  the 
cloud  at  w  >_  2  m/s  the  speed  of  ascent  of  the  apex  correlated  closely 
with  the  tension  on  the  cable.  This  Is  easily  explained  by  assuming 
that  both  the  balloon  and  the  apex  of  the  Cd  were  located  inside 
one  and  the  same  ascending  Jet,  penetrating  through  the  entire  clumi. 

The  most  detailed  information  on  rnesoscalar  vertical  flows  of 
air  inside  Cb  was  obtained  by  H.  Byers  and  R.  Braham  (19*18,  19^9). 
Tables  8.8  and  8.9  present  data  obtained  by  these  authors  on  the 
vertical  velocities  of  rnesoscalar  flows  of  air  inside  Cb,  complied 
from  materials  from  flights  through  7  A?  ascending  and  339  descending 
flows . 


Table  8.8.  Frequency  (in  %)  of  velocities  of 
ascending  flows  In  Cb  at  different  altitudes. 


1) 

ILmcotr.  m 

I  3  • 

VHUptKlIt. 

m;cc>. 

l*X>  | 

iVjjO  |  1*7^  |  awo  | 

II  1 

7m  |.V2$ 
u  I 

3UW  | 

iwo  |  bion  j 

I'lW 

a 

•PjlOpHA*  O'  {j 

1 

Drailu  I1* 

/ 

0.00-3,05 

ai.o 

5.8  10,7  2,1 

7,9  ’i  16,0 

12,9  | 

8,7  14,7  I 

3,7 

.1,05—6,10 

i»%b 

40.2  16,0  18,8 

■29,11  ;l  (5,0 

11,1)  | 

18,0  14,5 

21,  ft 

8.10-9,15 

29,0 

»i,M  25,3  28,8 

35.5  t  8.1 

22, 2 

23,8  28,0 

30,2 

9,15-12,20 

5 ,2 

0,0  21,4  13.4 

18,1  ~ 

20.1 

21,0  11,4 

22 ,  ft 

12.20  —1.1,25 

2,3  3,9  8,7 

5.8  - 

•2.9 

1.7  1,8 

7,5 

15,25— IK. 10 

5,8  0,9  2,1) 

■2,0  - 

2,9  6,0 

5,7 

18,30 -21, 35 

...  _ 

1,3  1  - 

... 

0,9  — 

.‘M 

21 ,35 -21,40 

— 

l.l  0,9  0,9 

-  •  ||  • - 

— 

.. 

1  .  ft 

21,40-  27,15 

— 

1,1  -• 

-  !i  - 

— 

— 

I  1 .9 

27.15-10,80 

— 

—  0,9  -- 

it  7" 

■—  — 

Mumo  c.iym>u 

v-y 

3b 

87  181  101 

78  12 

108 

105  81 

jft38 

KKY :  (1)  Velocity  gradation,  m/s;  (^)  Altitude,  m; 

(3)  Florida;  ( h )  Ohio;  (5)  Number  ol'  cases. 

The  average  diameter  of  ascending  flows  turned  out  to  be  clone 
to  1.5  km,  where  the  figure  for  descending  flows  was  1.2  km.  The 
maximum  width  cf  both  was  12  km.  The  Investigators  did  not  succeed 
in  detecting  a  definite  relationship  between  the  flight,  altitude 
and  the  width  of  rnesoscalar  vertical  flows. 
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In  growing  cloud;;  a  sound  lug  flows  arc  observed  throughout  the 
entire  thickness  of  the  cloud.  A:;  the  growth  of  Cb  slows  they 
weaken  first  In  the  lower  ha. I  f  and  then  In  the  upper.  In  the  lower 
portion  of  mature  cloud;;  descending  flow:;  predominate;  In  the  opinion 
of  the  dyer's  and  br.ahum,  they  are  caused  hy  the  entrainment  of  air 
by  particles  of  railing  in'eol pltutinn  and  also  hy  cooling  of  the  air 
as  the  result  ef  evaporation. 


We  will  note  that  the  mo-t  recent  studies  Indicate  trial  maximum 

values  nl'  w  may  bo  much  lai'ger  than  those  shown  in  Tables  o.ti-B.9. 

Thus,  t,hf  meas' romonts  above  the  U .'. A  (Steiner,  Rhyne,  196*0  showed 

w  reaching  up  *  o  n  i.*:/r. .  I',  hurt  .‘.am  (  1  h  o  1 )  showed1  that  in  very 

max  °  ‘ 

thick  cumulonimbus  <■- 1  ,uds  wt)  reache:,  HK!  m/s . 

U.  r. .  Culakvelidze  ,  m.  15 h.  itib ilashvl  1 1 ,  and  V.  F.  I.apcheva 
(lPb'i)  studied  mesusea  I  ai-  vortical  flows  inside  Cu  c.orig.  ur.d  Cb, 
using  balanced  pilot  billc'-ms  with  corner  re  floe  tors,  as  passive 
radar  targets.  The  rate  el'  rise  (.ascent)  of  such  .*■  pilot  balloon 


'The  value  of  w 

tire  average  the  air  In 
air  and  stratification 


was  evaluated  under  Lh.e  assumption  that  on 

the  cloud  is,  V  warm".’'  than  the  surrounding 
is  "strongly  unstable." 


was  accepted  as  the  vertical  speed  of  the  air.  In  the  opinion  of  the 

authors  tne  relative  error  1m  measuring;  w  did  not  exceed  30 X .  Twenty- 

four  series  of  measurements  were  carried  out.  The  observations  showed 

that  the  speed  of  the  ascending  flow  inside  Cu  oong.  and  Cb  clouds 

from  which  precipitation  hud  not  begun  to  fall  grows  from  the  base 

of  the  cloud  to  its  middle  or  the  portion  Just  below  the  top,  after 

which  it  diminishes.  In  Cb  from  which  rain  was  falling  descending 

flows  were  observed  along  with  the  ascending  flows;  here  the  values 

of  w  ,1V  were  similar  in  both  flows.  The  largest  values  of  w 

max  max 

comprised  20-25  m/s. 

N.  S.  Shishkin  (19611),  (1.  Malkus  and  It.  Scorer  (1995),  6.  Ander-  n 
(1962),  and  others  carried  out  approximate  evaluation  of  the  speeds 
of  vertical  motions  close  to  the  upper  edge  of  Cb  in  terms  of  the 
rate  of  change  of  altitude  of  the  latter  (w,).  The  most  significant 
results  were  obtained  by  Anderson,  who  determined  w^  by  means  of 
sterophotography  of  Cb  tops.  Considering  the  oscillations  of  w, 
to  be  a  random  process,  he  applied  methods  of  statistical  analysis 
to  the  obtained  data. 

According  to  Anderson,  the  rate  of  Cb  growth  -  which  means  a. no 
the  vertical  speed  of  air  at  the  top  of  the  cloud  -  fluctuates’ 
constantly.  Besides  high-frequency  oscillations  with  u  period  ol' 

1-2  minutes,  is  subjected  to  low-frequency,  almost  sinusoidal, 
oscillations  with  a  period  of  10-12  minutes.  As  is  clear  from 
Fig.  8.7,  the  oscillations  with  a  period  close  to  12  minutes  have 
the  maximum  energy .  Anderson  considers  that  the  high  frequency 
oscillations  have  a  turbulent  origin,  while  the  low-frequency 
oscillations  are  connected  with  the  stability  of  stratification  of 
the  air  surrounding  tne  cloud. 

According  to  R.  Douglas  and  V.  Hitch foi d 1  (see,  for  examp.ie, 
the  article  by  C.  Newton,  1963),  fluctuations  of  w „  arc  minimum  in 
mature  Cb  and,  besides  this,  the  larger  the  cloud  the  smaller  the 
fluctuations.  On  tills  basis  Newton  proposed  that  large  pulsations 


'Spelling  of  names  not  verified  - 


i21 


Trans  la  tor . 


in  w  are  observed  only  during  fret-  convection;  in  particular,  this 
is  confirmed  by  the  observations  of  Internal  Cu.  With  the  development 
oi  1'orced  convection  connected  with  the  ascent  of  air  ahead  of  the 
cloud,  the  ascending  current  becomes  more  stable.  Naturally,  the 
"steadying"  effect  of  forced  convection  la  maximum  in  mature  Cb , 
when  the  dome  of  cold  sub-cloud  air  -  and  thus  forced  convection  ahead 
of  the  Cb  -  become  greatest.  A  somewhat  different  opinion  was 
expressed  by  p.  [.udlam  (i'Hij),  who  considers  fluctuations  in  the 
rate  of  growth  of  Cb  to  be  caused  by  periodic  penetration  of  new 
thermals  into  the  cloud. 


Fig.  8.7.  Spectrum  of  vertical 
velocity  of  the  Cb  top  (per 
Anderson) . 
cos  =  seconds 
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d.  Mesoscalar  vertical  flows  in  the 
neighborhoods  of  Cb 

In  1.959-19 C>5,  during  flights  on  a  Tu-.KWiB  laboratory  aircraft, 
M.  Shmater  carried  out  detailed  studies  of  the  structure  of  tiie 
field  of  mesurjcftlar  vertical  motions  in  the  nel ghborhoods  of 
cumulonimbus  clouds.  Tables  8.10  arid  8.1!  give  data  on  these  flows 
at  a  distance  of  0-1  lem  from  the  side  surface  of  the  upper  half  of 
mature  Cb  and  In  a  layer  COG  m  thick  above  them. 


From  the  tables  It  is  clear  that  In  the  neighborhoods  of  Ob 
tops  we  most  frequently  find  |w|  f  m/s,  while  the  horizontal 
dimensions  of  descending  flows  are  greater  than  those  of  the  ascending 


Measurements  of  w  in  precipitation  below  the  base  of  Cb  showed 
that  here  the  average  speed  of  mesosealar  vertical  flows  is  close  t 
3  m/s  for  ascending  flows  and  to  4  m/s  for  descending  flows. 

Table  8.10,  Frequency  (in  %)  of  speeds  of  mesosealar 
vertical  motions  around  the  upper  half  of  Cb. 
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Table  8.11.  Frequency  (in  £)  of  horizontal  dimensions 
of  L  of  mesosealar  vertical  flows  around  the  upper  half 
of  Cb. 
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Flgure  8.8  shows  the  spatial  structure  of  mesosealar  vertical 
flows  in  different  portions  of  the  zone  of  mature  Cb.  The  diagrams 
were  constructed  without  distortion  of  the  relative  linear  scales 
of  each  of  the  segments.  The:  length  of  the  horizontal  section  of 
the  Cb  in  the  appropriate  direction  was  selected  as  the  unit  of 
dis tance . 
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From  Figure  8.8b  it  Is  clem1  that  ahead  of  the  upwind  edge  of 
mature  Cb  the  ascending  flows  are  localized.  Tboir  average  velocity 
(w)  varies  here  from  0.8  to  1 . l)~?  m/s.  Ascending  motions  with 
|  w  j  <_  1  m/s  are  observed  only  in  a  narrow  band  adjacent  to  the  s  ide 
boundary  of  the  cloud,  in  this  case  the  segment  with  w  <  0  behind 
the  lee  edge  is  twice  as  Jong  as  that  In  front  of  the  windward  edge. 

It  Is  characteristic  that  tin;  sign  w  changes  periodically  behind 
the  cloud,  with  the  length  of  a  wave  being  close  to  the  "diameter'" 
of  the  cloud. 

A  region  of  ascending  flows  Is  located  inside  tne  central  portion 
of  the  Cb  top;  the  average  speed  of  these  flows  is  close  to  1  m/u. 


0)  ( n ) 


- f  ?v 


Fig.  8.8.  Averaged  vertical  velocities  in  a  zone  of  cumulonimbus 
clouds.  Numbers  indicate  average  speed  in  m/s.  a  -  above  Cb ;  b  - 
t..slde  the  top  and  within  It.  1  -  demarcation  lines  separating 
segments  with  w  of  different  signs;  V  -  cloud;  8  -  direction  of  cloud 
motion  (vector  of  relative  velocity  of  all’);  *4  -  segment  for  which 
there  are  no  reliable  data  on  w. 
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Descending  motions  predominate  above  Cb.  Their  speed  is 
especially  great  above  the  center  of  the  cloud  and  behind  it  on  the 
lea  edge.  Here  air  settles,  even  on  the  average,  at  a  speed  exceeding 
1  m/s . 

A  significant  portion  of  the  under-cloud  zone  is  occupied  by 
descending  flows.  Their  highest  speeds,  with  w  =  1-?  m/s,  arc 
localized  in  the  central  portion  of  the  region  of  precipitation. 

The  descending  motions  change  to  ascending  motions  in  '’ront  of  the 
lee  edge  of  the  Cb . 

The  overall  structure  of  the  w  field  beside  Cb"tor>s  Is  reminiscon' 
of  the  picture  observed  during  flow  over  mountains  with  lifting  of 
the  air  on  the  weather  slope  and  the  system  of  waves  downstream. 
Descending  motions  on  the  side  boundaries  of  the  cloud,  are  probably, 
connected  with  the  cooling  of  the  air  which  occurs  here  during 
evaporation  of  cloud  elements. 


*■ 


u 
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Beneath  Cb  the  descending  flows  are  connected  wtih  falling 
precipitation.  This  is  confirmed  by  the  coincidence  of  their  areas 
and  by  the  fact  that  the  maximum  velocity  of  descending  flows  is 
observed  precisely  where  precipitation  is  strongest. 

Ascending  flows  near  the  lower  portion  of  Cb  are  probably  caused 
in  part,  by  convective  lifting  of  air  from  the  underlying  surface, 

and  partly  by  dynamic  lifting  of  air  at  the  edge  of  the  dome  of  cold 

under-cloud  air  as  the  cloud  travels. 

e.  Short-period  turbulent  gusts  inside  Cb 

The  first  systematic  Investigations  ol’  short-period  vertical 
air  gusts  inside  Cb  were  carried  out  by  H.  Dyers  and  R.  Braham 

(1949)  in  Die  USA.  Since  out  of  the  various  characteristics  of 

perturbed  motion  of  the  aircraft  they  measured  only  g- forces,  instead 
of  true  velocities  of  vertical  gusts  they  determined  only  the 
effective  velocities  weff 
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Table  8,12  shows  tne  frequency  of  maxir..um  values  of 
according  to  results  of  measurements  during  flights  In  Florida  and 
Ohio.  The  Intensity  of  turbulence  was  maximum  In  the  middle  (in 
altitude)  portion  of  the  Cb ,  l.e.,  where  the  velocities  of  mesoscalar 
ascending  flows  were  also  greatest. 

The  horizontal  scales  of  gusts  varied  from  8  to  270  m.  During 
the  measurements  the  spectrum  of  gust  sizes  was  automatically  cut 
to  8  meters  due  to  the  inertia  of  the  aircraf t/accelerograph  system. 
The  limitation  of  sizes  of  turbulent  gusts  to  a  magnitude  of  270  m 
has  a  conditional  character,  since  gusts  of  larger  sizes  are  related 
by  the  authors  to  the  class  of  mesoscular  ascending  flows. 

Table  8.12.  Frequency  of  maximum  effective  velocities 
lweffl  ina^-de  Cb. 


( 3 '  | 

..U' 

Hucotb,  km 

Uwtc 

Ku.lMHff  Tfto 

nopuBon 

"  "*•  j 

1.5  1.1 

|  3.0  -3.1 

*,0  ~t.9 

«.l  -«u 

7.4-J.f 

o-i  .a 

10,0 

36,0 

38.5 

40.2 

45.1 

8  319 

1.2-2. 4 

32,5 

32,7 

31,8 

31.0 

29,0 

7  053 

2.4-3. 6 

18,2 

18.4 

17.1 

17,1 

15,1 

3  665 

3.6  4,8 

6,3 

8,2 

7.4 

7.4 

«,7 

1657 

4,9-  6,1 

1.9 

3.1 

3,3 

2.7 

632 

6.1-7, 3 

0.6 

1.1 

1.3 

1.1 

0.7 

228 

7,3  8,5 

0.6 

0.3 

0.3 

0,3 

0.5 

70 

H.5  -9,8 

-- 

o;i 

0,2 

0,2 

0,1 

31 

9.R-II.0 

— 

0,1 

0.1 

0.1 

10 

>11,0 

— 

— 

0.2 

- 

6 

Ofiuice  Kill II MCC THU 
llopNVOB  (  2  i 

33  IP 

55-27 

6003 

4111  1 

3063 

2  >370 

KEY :  (1)  Altitude,  km;  (2)  Total  quantity  of  gusts; 

(3)  Iweff1  m/3’ 

The  results  of  later  investigations  of  vertical  turbulent  gusts 
ar.d  measurement  of  their  velocity  during  random  encounters  by 
aircraft  equipped  with  acce lerographs  inside  Cb  show  good  agreement 
with  the  data  of  Dyers  and  Braham.  Thus,  data  collected  by  R.  Steiner 
and  R.  Rhyne  show  that  the  mean  square  effective  velocities  measured 
during  flights  in  Cb  with  Jet  aircraft  at  altitudes  of  3-7  km  over 
tne  USA  fell  within  the  limits  2-3  m/s.  In  June;  1962  during  flight 
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Inside  a  Cb  by  a  "Meteor"  aircraft  (USA)  I we r r I  *  ^  m/,s  wa3  recor<*ed, 
while  on  a  "Northrop"  aircraft  a  value  of  l1*  m/s  was  registered. 
Apparently.,  larger  wpf{,  are  rarely  observed1. 

Table  8.13  shows  the  frequency  of  maximum  vertical  gusts  in 
the  0-500  m  layer  below  the  upper  edge1  of  Cb  according  to  the  data  of 
V.  3.  Aleksandrov,  V.  I.  3ilayeva,  and  S.  M.  bhmeter  (1967). 

Table  8.13.  Frequency  (in  %)  of  maximum  velocities  or 
turbulent  gusts  inside  the  near-apox  portion  of  Cb. 
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KEY:  (1)  Vertical  velocity,  m/3;  (2)  Stage  of  Cb 

development;  (3)  Growing  and  mature;  (b)  in  domes; 

(5)  in  anvils;  (6)  Decaying. 

From  Table  8.13  it  la  clear  that  even  directly  under  the  upper 
edge  of  growing  and  mature  Cb  the  vertical  velocities  of  turbulent 
gusts  exceed,  in  the  overwhelming  majority  of  cases,  2  m/s.  We  will 
note  that  in  clear  air  the  frequency  of  such  velocities  is  10-20  times 
less . 


During  six  crossing  of  Cb  at  a  distance  from  tho  upper  edge 
greater  than  2  km,  carried  out  during  the  Shmeter  studies,  it  was 
found  that  here  gusts  with  |wef{.|  >  5  m/s  always  exist,  while  in  growing 
and  mature  clouds  the  value  can  reach  even  |w  ff.|  >  10  m/s.  The 
maximum  speed  of  a  vertical  gust,  equal  to  12  m/s,  was  recorded  on 


‘indications  encountered  in  the  literature  concerning  the 
presence  of  vertical  velocities  exceeding  30  m/s  inside  Cb  relate 
not  to  turbulent,  but  to  mesoscalar  vertical  flows. 
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24  July  1964  while  crossing  a  thundercloud  in  the  Klyev  region  at 
a  level  of  8  km  -  2-2.5  kin  below  the  upper  edge  of  the  Cb. 

The  measurements  showed  that  inside  Cb  vertical  gusts  of  one 
intensity  or  another  are  almost  always  observed,  on  an  extent  of 
more  than  i/4  of  the  diameter  of  the  cloud  in  the  flight  area.  Those 
cases  In  which  none  were  observed  related  exclusively  to  approach 
to  the  peripheral  portion  of  the  anvils  of  dissipating  clouds,  but 
at  a  depth  not  exceeding  20-30  m. 

A  characteristic  feature  of  turbulent  zones  inside  Cb  is  the 
fact  that  the  velocities  of  vertical  gusts  vary  net  only  along  the 
vertical,  but  also  the  horizontal.  In  clouds  consisting  of  a  single 
convective  cell  the  gusts  are  maximum  close  to  the  cloud  axis.  If 
the  Cb  contains  several  cells  the  horizontal  distribution  of  wT  is 
more  complex.  Although  in  general  the  velocities  of  gusts  most 
frequently  diminish  from  the  center  of  the  cloud  to  its  lateral 
boundaries j  several  partial  maxima  of  |wf|  are  observed  within  Cb ; 
these  are  located  inside  the  mesoscalar  vertical  flows  or  on  their 
boundaries.  The  main  maximum  is  usually  connected  with  the  cell 
inside  which  the  mesoscalar  vertical  velocities  are  greatest.  Thus 
there  is  apparently  a  connection  between  mesoscalar  and  turbulent 
motion  inside  Cb.  According  to  American  data,  the  coefficient  of 
correlation  between  maximum  velocities  of  turbulent  gusts  lwT  Ml 
and  the  vertical  velocity  of  mesoscalar  flows  |wh|  equals  0.^2  +  0.02 
for  the  entire  r  inge  of  |v/  |  .  According  to  materials  gathered  by 
3.  M.  Shmeter,  when  jw  I  >  5  m/s  the  mutual  correlation  between 

rt 

|w  ,1  and  lw  !  weakens. 

In  the  opinion  of  byers  and  Brahain  (  19  49),  the  dependence  of 
|w  |  on  |w  |  is  a  consequence  of  the  fact  that  turbulent  eddies  are 
generated  close  to  the  boundary  of  mesoscalar  j ets ,  where  the  horizontal 
gradients  of  vertical  all-  speed  are  great.  Subsequently,  thanks  to 
the  "natural"  horizontal  speeds,  the  eddies  can  be  displaced  into 
other  portions  of  the  Cb. 
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It  should  be  noted  that  the  described  dependence  of  I w  I 

T  •  M 

|wh|  is  characteristic  only  for  growing  and  mature  Cb.  Within 
decomposing  Cb  the  quantity  |wh|  frequently  diminishes  much  more 
•  rapidly  than  |wT  M|  . 


The  characteristics  of  vertical  turbulent  gusts  inside  Cb  were 
examined  above.  At  present  there  have  been  vertually  no  measurements 
made  of  horizontal  gusts.  An  exception  is  the  work  done  by  R.  Stelnci 
and  R.  Rhyne  (1962),  who  used  a  special  airborne  lncllnograph  to 
meusure  horizontal  turbulent  gusts  along  with  vertical  gusts. 
According  to  their  data,  the  mean  square  velocities  of  horizontal 
and  vertical  gusts  Inside  Cb  differ  from  one  another  by  no  more  than 
a  few  percent.  The  spectral  composition  of  the  two  types  of  gusts 
is  also  similar.  Thus,  turbulence  is  practically  isotropic  inside 
Cb. 


l- 


«» 

p. 


f.  Turbulence  In  the  vicinity  of  Cb 


Table  8.14  presents  the  characteristics  of  vertical  turbulent 
gusts  above  Co  based  on  materials  of  263  series  of  measurements. 

With  elevation  above  the  cloud  the  speed  of  gusts  diminishes  quite 
rapidly,  so  that  with  an  altitude  greater  than  200  m  above  the  clouds 
the  probability  of  |wt|  >  2  m/s  comprises  less  than  4%,  while 
| wT |  >5  m/s  is  about  1%.  A  certain  growth  in  the  intensity  of 
turbulence  at  heights  more  than  400  m  above  the  clouds  is  apparently 
not  directly  connected  with  the  influence  of  the  clouds,  but  is  a 
consequence  of  intensification  of  turbulence  under  the  tropopause. 

The  speed  of  gusts  is  greatest  above  growing  clouds.  In  the 
mature  3taga  above  the  dome  portion  of  Cb  the  characteristics  of 
turbulence  are  virtually  unchanged  as  compared  with  those  In  ^he 
stage  of  cloud  growth,  while  above  the  ridges  of  the  anvil  turbulence 
is  noticeably  weakened.  A  unique  picture  is  observed  above  dissi¬ 
pating  clouds.  Ordinarily  |wT|  <  2  m/s  above  them,  but  nonetheless 
the  thickness  of  the  turbulent  zone  remains  the  same  as  above  mature 
Ob  or  may  even  be  somewhat  Increased. 
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When  the  Individual  data  were  united  the  linear  dimensions  of 
specific  clouds  and  their  turbulent  zones  were  reduced  to  a  common 
scale.  The  orientation  of  turbulent  segments  is  given  with  respect 
to  the  direction  of  the  wind  vector  at  the  level  of  the  cloud  peak. 

For  the  sake  of  clarity,  turbulent  zones  which  coincided  during 
different  passes  were  plotted  at  a  3mall  angle  to  one  another.’. 

Broken  lines  are  used  to  separate  the  "weather"  and  "lee"  sides  and 
the  regions  located  parallel  to  the  wind  vector.  It  is  clear  that 
the  arrangement  of  turbulent  zones  with  respect  to  wind  is  asymmetric.! j 
and,  in  particular,  the  frequency  of  turbulence  and  the  length  of 
turbulence  zones  is  greatest  behind  the  "lee"  side  of  the  Cb. 
Intensification  of  turbulence  behind  the  "lee"  half  of  the  Cb  is 
caused,  most  likely,  by  the  effect  of  wind  flowing  around  the  cloud, 
a  subject  which  we  have  already  discussed  above. 

Table  8.15  gives  S.  M.  Shmeter's  data  on  the  frequency  of 
velocities  of  turbulent  gusts  at  a  distance  of  no  more  than  1  km  from 
the  side  boundaries. 


Table  8.15.  Frequency  (in  X)  of  absolute  values  of 
maximum  velocities  of  turbulent  gusts  (m/s)  to  the 
side  of  Cb. 


(4)  IlaDuTpetmao  cropoiia 
( 5  I  rio/uftpcHiia*  cTopom 
( 6 )  Cropoitw.  napMAMume 
•«py . 


( X  )  rpiainx*  tnDporm.  n/ent. 


V. 

W 

1 

• 

rt 

1 

o 

i ti 

©* 

3 

a 

i 

• 

«' 

V 

«* 

/\ 

V 

e' 

A 

Hit  whin  n  o.io 

Cb  <*• 

1  HMi 

Be p.^lj  ■  «^n  oj  oinhi 

77 

88 

14 

9 

e 

3 

60 

31 

9 

— 

3 

53 

35. 

10 

2 

89 

6 

4 

1 

67 

26 

6 

1 

KEY:  (1)  Velocity  gradations,  m/s;  (2)  Lower  half 
of  Cb;  (3)  Upper  half  of  Cb ;  (4)  Weather  side;  (5) 
Lee  side;  (6)  Sides  parallel  to  the  wind. 


The  total  probability  of  turbulence1  along  side  Cb  was  found 
to  be  less  than  that  above  the  cloud;  this  is  due  to  the  fact  that 


lThe  case  |wf|  <  0.5  m/s  can  tentatively  be  considered  to  corre¬ 
spond  to  crim  (nor.turbulent )  conditions. 
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measurements  in  the  0-500  m  layer  above  the  upper  edge  of  the  cloud 
were  used  above  Cb  (Table  8.1(0,  while  the  measurements  of  wT  beside 
Cb  (Table  8,15)  were  made  at  distances  from  the  clouds  reaching 
500-1000  m. 

g.  Coefficient  of  turbulence  in  Cb 


The  high  level  of'  intensity  of  turbulence:  Inside  Cb  leads  to 
the  development  here  of  active  vertical  and  horizontal  turbulent 
exchange.  At  present,  however,  data  are  available  only  on  the 
coefficient  of  vertical  turbulent  exchange  K  in  Cb. 


N.  Z.  Pinus  (1963),  Plnus  and  V.  D.  Litvinova  (1962),  and 
S.  M.  Shmeter  and  V.  I.  Silayeva  (1966)  calculated  values  of  K  from 
data  on  aircraft  g-forees,  using  formula  (8.2). 


Table  8.16  gives  the  average  values  of  K  and  various  portions 
of  the  upper  half  of  Cb  according  to  the  data  of  Shmeter  and  Silayeva 
(1966).  To  ensure  statistical  reliability  the  calculations  were 
carried  out  only  for  cases  when  the  length  of  the  aircraft  path 
Inside  the  cloud  (i.e.,  the  length  of  the  turbulent  zone)  exceeded 
10  km.  In  the  majority  of  cases  it  equaled  20-30  km,  with  gusts 
whose  horizontal  dimension  does  not  exceed  600  m  being  considered 
as  turbulent. 


Table  8.16.  Avei’age  coefficient  of  turbulence  K 
In  different  portion  of  Cb. 
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Analysis  of  materials  from  measurements  made  during  Individual 
passes  showed  that  the  quantity  K  le  maximum  in  mature  Cb,  Inside 
which  It  may  exceed  500  m  /s,  while  it  is  minimum  in  the  end  of  the 

stage  of  Cb  decay,  when  R  is  usually  <.  150  m2/s. 

N.  F.  Tverskaya  (1964)  evaluated  the  quantity  R  inside  Cb  from 
data  on  temperature  and  wind  sounding  In  the  Leningrad  regions ; 

K  was  calculated  by  the  L.  T.  Matveyev  formula: 

^-^Lj2,3lg^l,61g(T-_T)_a07^  (8.6) 

t 

where  U  is  the  velocity' of' ^the  wind;  0  Is  the  vertical  wind  veloci^> 
gradient;  y  and  ya  are  the  real  and  adabatic  vertical  temperature- 

a 

gradients.  It  was  proposed  that  If  the  quantity  of  Cb  exceeded  8 

scale  marks  and  if  their  altitude  exceeded  8  km,  the  radiosonde 

would  be  located  inside  Cb  during  the  course  of  its  entire  ascent 

in  the  troposphere.  It  was  found  that  K  grows  rapidly  with  approach 

to  the  upper  edge  of  the  Cb.  Maximum  values  of  ft,  as  a  rule,  exceeded 
2  2 

100  m  /s  and  sometimes  reached  300  m  /s.  Thus,  the  general  laws  of 
change  in  R  with  altitude  and  the  order  of  magnitude  of  the  obtained 
quantities  turned  out  to  be  close  to  those  given  in  Table  8.16. 

In  large  Cb  containing  several  convective  cells  there  is  no 
monotonic  diminishing  of  K  with  approach  to  the  edges  of  the  cloud. 

The  field  of  K  in  them  has  a  complex  spatial  structure  formed  as  the 
result  of  mutual  imposition  of  ’’individual"  K  fields  in  the  zone  of 
individual  cells.  A  substantial  role  is  played  by  the  fact  that 
turbulence  in  different  cells  inside  one  and  the  same  cloud  will  have 
different  intensities;  besides  this,  the  dimensions  of  the  cells  are 
not  identical.  Since  new  cells  can  grow  around  the  periphery  of  the 
Cb,  the  maximum  values  of  K  are  sometimes  observed  close  to  one  of 
the  side  edges  of  the  cloud. 

h.  Statistical  characteristics  of  atmospheric 
turbulence  in  the  zone  of  Cb 

Spectral  analysis  of  the  atmospheric  turbulence  inside  Cb  has 
been  undertaken  only  in  the  last  three-five  years.  In  the  period 
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1960-1961  laboratory  aircraft  In  the  USA  carried  out  several  crossings 
of  Cb  at  altitudes  ranging  from  5  to  13  km.  Measurements  were  carried 
out  at  subsonic  and  supersonic  speeds,  which  made  it  possible  to 
construct  spectra  of  atmospheric  turbulence  In  a  wavelength  range 
of  30  m  to  Jj-5  km.  About  70  spectra  of  turbulent  gusts  for  segments 
inside  Cb  and  their  vicinity  were  calculated  by  S.  M.  Shmeter  and 
V.  X.  Dilayeva. 

The  use  of  data  on  S(fl)  to  describe  turbulence  is  advisable 
only  in  those  cases  when  the  process  can  be  considered  quasi-stationary 
First  of  all  this  is  necessary  in  order  to  ensure  that  the  individual 
spectrum  has  physical  meaning!  secondly,  the  quasi-stationary  state 
of  turbulence  over  the  extent  of  each  stage  of  evolution  of  the  cloud 
is  required  in  order  to  obtain  evaluations  which  are  not  random  but 
which  characterize  the  level  of  turbulent  energy  typical  for  the  given 
period  in  the  life  of  the  Cb.  Studies  have  shown  that  although  the 
total  life  cycie  of  development  of  Cb  occurs  within  a  time  on  the 
order  of  one-two  hours  -  i.e.,  quite  rapidly  -  it  is  only  in  the 
initial  stage  of  growtn  that  the  cloud  characteristics  (in  particular, 
turbulence)  change  rapidly.  During  the  remaining  lifetime  of  Cb 
such  changes  are  sharply  retarded.  For  example,  the  means  clear  rate 
of  turbulent  pulsations,  the  average  velocity  of  inesoscalar  vertical 
flows,  and  their  dimensions  ordinarily  change  by  no  more  than  10-15* 
in  3-5  minutes;  this  makes  it  possible  to  consider  the  process  *0  be 
quasi-stationary.  This  Is  even  more  valid  for  an  interval  01 
minutes,  typical  for  the  segments  of  time  for  which  individual  spectra 
are  calculated. 

Figure  8.10  gives  averaged  spectra  of  the  vertical  velocities 
of  air,  S(D),  for  different  segments  of  the  Cb  zone,  while  Table  8.17 
presents  average  and  extremal  values  of  S(fl)  for  different  linear 
scales  of  L. 

The  first  group  Includes  data  on  the  magnitudes  of  S(ft)  in  clouds 
below  the  lowest  edge  of  the  Cb,  while  the  second  case  includes  data 
for  the  side  edges  of  the  cloud.  The  third  group  includes  data  for 
the  0-200  m  layer  abo/e  the  cloud,  while  the  fourth  relates  to  the 


level  Inside  the  axial  portion  of  the  Cb  located  at  a  distance  of  a 
few  hundred  meters  under  the  upper  edge,  Finally,  the  fifth  group 
unites  data  for  the  levels  Inside  the  Cb  located  more  than  2  km  below 
the  upper  edge  of  the  cloud. 


Fig.  8  .10.  Averaged  spectra  of 
velocities  of  vertical  motions  in 
a  Cb  zone  (per  S.  M.  Shmeter  and 
V.  1,  Silayeva).  1  -  inside  the 
central  portion  of  Cb  (four  cases); 
2  -  inside  the  near-peak  portion 
of  the  Cb  (17  cases);  3  -  above 
Cb  (16  cases);  k  -  to  one  side  of 
Cb  (18  cases);  5  -  under  Cb  (10 
cases).  5 

KEY:  (1)  S(n)  (m/s)  /(rad/m) ; 

(2)  fl,  rad/m. 


Comparison  of  spectral  densities  averaged  in  terms  of  all  cases 
of  flight  in  the  given  portion  of  a  Cb  zone  for  which  individual 
spectra  were  calculated  shows  that  both  the  absolute  values  of 
S(fl)  and  their  change  with  a  change  in  L  in  different  segments  of  the 
Cb  zone  are  different.  The  spectral  density  of  vertical  gusts  inside 
the  central  portion  of  the  Cb  is  10  and  more  times  greater  than  that 
on  the  circumference  of  the  clouds  and  even  than  that  within  the  near 
peak  portion  of  the  Cb.  The  difference  between  the  quantities  S(ft) 

In  all  the  portions  of  the  Cb  zone  is  comparatively  small.  Charac¬ 
teristically,  it  increases  with  a  growth  in  L. 

As  is  evident  from  Fig.  8.10,  with  a  change  In  L  the  slope  of  the 
curves  of  spectral  density  Is  also  changed.  Thus,  on  the  segments 
600  m  <  L  <  1000  m  in  every  place  except  the  subcloud  portion  of 
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the  atmosphere  and  the  internal  portion  of  the  Cb  there  1b  a  sharp 
reduction  in  |  tg  q>|  (♦  -  is  the  angle  formed  by  the  curve  of  Bpectral 
density  with  the  abscissa),  Inside  near-peak  region  of  the  Cb  and 
to  one  side  of  Cb  on  the  segment  L  <  600  m  and  1000  m  <  L  <  3000  m 
tg  9  *  -5/3.  We  will  note  that  this  is  evident  also  on  the  majority 
of  individual  spectra.  Within  the  central  portion  of  Cb,  |tg  <p|  <_  5/3 
i'or  all  the  considered  value3  of  L. 


Table  8.17.  Values  of  S(fl)  (m/B )  /(rad/m)  in  different 
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KEY:  (1)  Under  Cb ;  (2)  ae3ide  Cb ;  (3)  Above  Cb ;  (4) 

In  the  near-peak  portion  of  Cb;  (5)  Inside  the  central 
portion  of  Cb. 
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naKc  *  max 


The  spectral  density  of  vertical  gusts  above  Cb  and-below  them 
with  L  <  600  in  changes  with  a  change  in  L  In  approximate  obedience 
to  the  "minus  5/3"  law.  At  gust  soules  greater  than  1000  m  the  3lope 
of  the  curve  S(ft)  grows  sharply. 

4  '  “ 

As  was  pointed  out  in  Chapter  1,  a  change  in  the  si  ope  of  the 
S(il)  curve  may  be  connected  with  a  change  in  the  rate  of  energy 
transfer  along  the  spectrum  in  accordance  with  the  range  of  scales  - 
i.e.,  either  with  the  accumulation  of  turbulent  energy  here  or  with 
acceleration  of  its  consumption.  The  fact  that  |tg  <p|  <_  5/3  inside 
Cb  may  be  due  to  the  instability  of  atmospheric  stratification,  while 
the  growth  in  curvature  of  the  spectrum  at  L  >  i  km  in  the  abo ve-clnud 
segment  is,  or.  the  other  hand,  connected  with  an  increase  in  stability 
This  type  of  atmosphere  stratification  in  a  Cb  zone  is  evident  from 
Table  8.18. 


Fig.  8.11.  Change  in  spectral  density  with  time  of  vertical  (a)  and 
horizontal  (b)  turbulent  gusts  inside  Cb  (per  btelner  ;tna  Rhyne). 

1»  2,  3 ,  h ,  5  —  number  of  successive  passes;  o  -  mean  square  velocity. 
KEY;  (1)  3(n)  (m/s  )2/(  rad/m)  ;  ([')  a,  m/s;  (3)  -Q  rad/m. 


Along  with  v,  Table  8.18  presente  the  mean  square  deviations 
from  It.  There  were  no  data  on  the  magnitude  of  y  inside  Cb ,  since 
no  vertical  sounding  of  the  atmosphere  Inside  the  cloud  was  carried 
out.  Wc  can  assume  that  here  y  <  y  <  YQ  (Yo  and  y  are  adiabatic 
gradients  in  dry  and  saturated  air). 

Table  8.18.  Average  vertical  temperature  gradients 
Y  aeg/lGO  m  in  a  Cb  zone. 


IWt  Ck,  ^ . 

( 2  am  c  Ck 

j  t  J )  Hu  Ck 

0,6510,01 

J  0,80+0,13 

|  0,0910,03 

KEY:  (1)  Under  Cb ;  (2)  Beside  Cb ;  (3)  Above  Cb . 

Clarification  of  the  curve  in  the  subcloud  region  segment 

is  more  complex,  since  in  this  case  stratification  is  weakly  stable 
and  also  the  curve  S.(il)  is  the  same  as  with  strong  stability. 

Among  the  possible  factors  causing  a  deviation  in  the  shape  of 
the'S(n)  under  Cb  from  the  "minu3  5/3"  law,  we  should  cite  in  the 
first  place  the  influence  of  the  underlying  surface  on  the  character¬ 
istic:  of  turbulence  In  this  layer.  This  conclusion  follows  from 
the  fact  thst  the  altitude  of  the  base  of  the  Cb  usually  comprises 
2-1.5  km  above  the  ground  -  i.e.,  a  quantity  close  to  th-  dimensions 

_p 

of  turbulent  formations  when  ii  <  10  rad/m.  It  is  clear  that  the 
degree  of  Influence  of  the  underlying  surface  on  turbulence  depends 
on  the  roughness  of  the  surface,  wind  velocity,  stratification  of 
the  lowest  atmospheric  layer,  etc. 

Data  or.  S(8)  in  those  cases  when  the  "minus  5/3"  law  is  fulfilled 
permit  us  to  evaluate  the  rate  e  of  dissipation  of  turbulence  energy. 

-  p  a 

Inside  Cb  e  *  2000  cm'/s  »  while  along  the  side  edges  of  these  clouds 
e  «  10  enr/s‘*.  It  is  impossible  to  calculate  c  for  the  above-cloud 
and  subcloud  segments  because  of  the  tact  that  when  L  >  1000  m  in 
them  the  "minus  5/3"  law  Is  not  fulfilled. 
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We  will  move  now  to  consider  the  changes  in  spectral  density 
of  gusts  in  different  segments  of  a  Cb  zone  with  time. 

Figure  8.11  shows  spectra  of  velocities  of  vertical  and  horizontal 
air  gusts  inside  a  mature  Cbj  these  data  were  obtained  during  five 
successive  crossings  of  the  rloucl  in  a  period  of  31*  minutes.  Data 
are  also  given  on  the  mean  square  speeds  of  gusts  for  each  crossing. 

A  noticeable  feature  is  the  comparatively  small  time  variability  of 
the  spectral  characteristics  of  turbulence  inside  the  C'b.  This 
should  be  particularly  emphasized,  since  in  this  case  the  measured 
variability  of  Sw < fl )  and  Su(Q)  should  have  been  substantially  greater 
than  the  actual  values  because  of  the  impossibility  of  guiding  the 
aircraft  over  the  precisely  identical  route  on  successive  passes. 


CHAPTER  9 


LOCAL  STRUCTURE  OF  THE  WIND 
VELOCITY  FIELD 


5  1.  LOCAL  HETEROGENEITY  OF  THE 
WIND  VELOCITY  FIELD 

The  vertical  cross  section  of  a  Jet  stream  constructed  from 
radiosonde  data  gives  an  idea  of  the  distribution  of  average  wind 
velocity  in  this  stream.  A  more  detailed  picture  can  be.  obtained  by 
using  data  from  more  frequent  measurements  of  the  velocity  and 
direction  of  the  wind  made  by  means  of  Doppler  equipment  installed  on 
an  aircraft.  Such  studies  of  the  wind  are  of  great  interest  3lnce 
the  spatial  mesoscalar  variability  of  wind  velocity  and  direction  will 
naturally  lead  to  a  high  degree  of  variability  in  vertical  and 
horizontal  wind-velocity  gradients  -  i.e.,  precisely  those  parameters 
which  render  the  greatest  influence  on  the  development  of  turbulence, 
especially  at  the  altitudes  where  the  atmosphere  is,  in  general, 
stably  stratified. 

Experimental  studies  of  the  local  structure  of  the  wind  field 
(Pinus,  Shmeter,  1962)  have  shown  that  local  maxima  of  wind  velocity 
are  observed  in  an  airflow  against  a  background  of  general  transfer 
of  air  at  a  certain  average  velocity.  These  local  zones  represent 
flattened  streams  of  various  sizes.  In  a  number  of  cases  large  local 
zones  bounded  by  a  common  isotach  in  the  horizontal  plane  or  on  a 
vertical  section  of  the  atmosphere  consist  of  a  series  of  much 
smaller  zones  with  maxima  or  minima  of  wind  velocity.  Figure  9.1 
shows  clearly  that  within  zones  bounded  by  the  130  km/h  isotach  three 
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extrema  with  velocities  of  1  !| 0 — 1 5 0  km/h  are  observed.  In  this 
particular  case  the  horizontal  dimensions  of  local  heterogeneities 
equal  10-50  km. 


Hum 


from  data  obtained  by  measurements 
every  15  a  of  a  flight. 

It  should  be  noted  that  local  spatial  changes  in  wind  velocity 
do  not  always  correlate  with  the  spatial  changes  in  air  temperature 
and  also  that  as  a  consequence  the  explanation  of  the  appearance  of 
perturbations  in  the  wind  field  with  scales  of  several  tens  of 
kilometers  cannot  always  be  found  from  the  concepts  on  thermal  wind. 
It  should  also  be  noted  that  during  crossing  of  these  lieterogeneiti.es 
turbulence  sufficient  to  cause  buffeting  of  the  aircraft  is,  as  a 
rule,  observed. 

Flight  experiments  showed  that  such  heterogeneities  in  the  wind 
field  are  observed  most  frequently  in  the  region  of  divergence  of 
airflows  and  in  the  small-gradient  pressure  fields,  but  are  not 
observed  in  convergence  zones. 

As  we  know  from  aerodynamics,  even  an  insignificant  compression 
of  the  flow  has  a  stabilizing  influence  on  laminar  flow,  and  with 
other  conditions  being  equal  the  critical  Reynolds  number  Re  turns 
out  to  be  greater  than  for  a  uoncompressed  flow.  With  weakly 
expanding  walls,  on  the  other  hand,  turbulent  flow  arises  with  small 
Re  .  With  an  Increase  ' n  the  angle  of  wall  flare  of  a  wind  tunnel 
a  reverse  flow  arises  and  breakaway  from  the  walls  occurs;  breakaway 
does  not  occur  simultaneously  fro;-;  both  walls,  but  only  from  one. 
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Theoretical  consideration  of  stationary  notion  of  a  fluid  between 
two  plane  walls  sloped  toward  one  another  at  angle  a  was  carried  out 
by  0.  Hamel  (1916). 

The  equations  of  motion  for  a  flow  of  this  type  in  cylindrical 
coordinates  (r,  z,  where  $  is  the  angle  between  the  axis  of 
symmetry  and  the  radius-vector  r)  have  the  following  form: 


...  >  ip  .  *  ■ 

"  7T  + 

i  i.  *•  «*  \ 
^  r  Or  i*)’ 

* 

(9.1) 

1  Op  .  ?»  <V 

K*  dr  '  ~f  i~  1}^  ' 

-0. 

(9.2) 

S^L.o. 

(9.3) 

During  the  derivation  of  these  equations  it  is  assumed  that  motion  is 

uniform  along  the  z-axis  and  that  v.  ■  v  *  0,  while  v  =  v(r,  $). 

$  r  .  r  ’ 

By  introducing  the  function 


«(r)=-6Vro> 


on  the  basis  of  (9.2)  it  is  possible  to  find  that 


1  ip  12v»  rfu 
►  if  t=1  rJ  df  * 


(9.*0 


(9.5) 


and  from  this 

•«  +  /(*  (9.6) 

Now,  substituting  (9.6)  Into  (9.1),  we  obtain  the  equation 

-$-  +  <«  +  6«J  -  ~r  *r  (r).  (9.7) 

As  we  see,  the  left  side  of  equation  (9.7)  depends  only  on  <t>,  while 
the  right  side  depends  only  on  r  -  l.e.,  each  of  them  is  a  constant 
quantity  which  for  convenience  we  will  designate  as  2c ^ .  Prom  this 
it  follows  that 
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HMf. 

"Tr1-* 


(9.8) 


/(r)*“  — +  const. 


From  (9.6)  and  (9.9),  we  find  that 

L  ^  J?r  (2«  _  f))  4.  const. 


(9.9) 


(9-10) 


Further,  multiplying  the  left  aide  of  equation  (9.7)  by  u’,  after 
integration  we  find  that 


and  from  this,  that 


+  2 «}  +  2 tt1  -  2c,  a  -  2r,  —  0. 


2f  J  y:ruf^rr(tvriX  +c*- 


(9.11) 


(9.12) 


The  constants  c^,  c2,  and  are  determined  from  the  boundary  condi¬ 
tions  on  the  walls : 


(9.13) 


and  from  the  condition  that  an  identical  quantity  of  fluid  (gas)  Q 
passes  through  any  section  r  *  const  per  unit  time: 


Q  —  p  j  vrd\ p*=6pi»  J  u d<f. 


(9.1*0 


If  Q  >  0,  the  fluid  flows  from  the  apex  of  the  angle,  i.e.,  there 
is  a  diverging  (diffuser)  flow;  if  Q  <  0  the  is  a  converging  (confusor) 
flow. 

Solution  of  the  system  ( 9 . 12 )-( 9 . 1^ )  for  Q  <  0  shows  that  at 
large  Reynolds  numbers  the  flow  in  the  confusor  differs  little  from 
the  potential,  while  the  influence  cf  viscosity  is  manifested  only  in 
a  very  thin  near-wal)  layer,  whore  there  Is  a  fairly  rapid  drop  in 
velocity  from  the  value  corresponding  to  the  potential  flow  down  to  0 
immediately  on  the  wall  itself. 
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In  the  case  of  a  dlffusor  with  (Q  >  0)  a  diverging  flow  symmetri¬ 
cal  with  respect  to  the  plane  $  -  0  io  possible  for  a  given  angle  a 
only  at  Reynolds  numbers  which  do  not  exceed  a  certain  maximum  value 
Re„  „•  If  He  -  Re,  >  RemQ.  the  speed  in  the  diverging  flow  has  a 
single  maximum  and  a  single  minimum  and  motion  Is  asymmetrical  with 
respect  to  the  plane  $  =  0.  With  a  further  increase  in  Re  number, 
when  Re  >  Re^  >  Rem;ix,  the  flow  contains  a  single  minimum  and  two 
maxima  of  velocity,  symmetrically  arranged  with  respect  to  the  plane 
(J>  ®  0.  If  Re  •*  °°,  the  number'  of  successive  minima  and  maxima  grows 
without  limit.  It  should  be  noted  that  even  when  Re  -  Re  the 

ilia  X 

motion  is  unstable  and  turbulent  conditions  arise. 

With  application  to  atmospheric  conditions,  the  Re  number  (as 
shown  in  Chapter  1)  is  not  the  determining  factor  and  therefore  the 
described  mechanism  is  inadequate  to  explain  los3  of  stability  in 
diverging  atmospheric  flows.  For  atmospheric  conditions  it  is 
necessary  to  construct  a  different  theoretical  model,  bearing  in  mind 
such  facts  as  the  characteristics  of  the  transverse  profile  of  the 
flow,  vertical  motions,  and  the  barocllniclty  of  the  atmosphere.  The 
creation  of  such  a  model  is  for  us  a  matter  for  the  future. 

Laboratory  studies  have  shown  that  Instability  of  a  dlffusor 
flow  Is  the  greater,  ttie  smaller  the  roughness  of  the  dlffusor  wall 
surfaces.  With  application  to  the  free  atmosphere  this  means  that 
segments  with  diverging  flow  may  have  several  successive  maxima  and 
minima  of  velocity  in  both  the  vertical  and  horizontal  profiles  of  the 
wind.  The  presence  of  breaks  (inflections)  in  the  wind-velocity  profile 
is  an  important  factor  in  the  disturbance  of  stability  of  the  flow  and 
its  turbulizatlon . 

5  2.  ENERGY  SPECTRA  OF  MESOSCALAR 
TURBULENCE 

Measurements  of  wind  velocity  and  direction  at  high  altitudes  in 
the  free  atmosphere  with  Doppler  navigation  systems  have  made  it 
possible  to  detect  local  heterogeneities  in  velocity  fields  of  wind 
having  a  turbulent  character,  and  also  to  obtain  data  on  the  statistical 
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characteristics  of  mesoscalar  turbulence  (Pinus,  1962,  1963).  Such 
studies  so  far  have  been  successfully  carried  out  only  in  the  upper 
troposphere  and  the  lower  stratosphere. 


tt;  * 


In  the  work  by  N.  Z.  Pinus  (1962)  empirical  structural  function.; 
of  wind-velocity  pulsations  were  calculated  from  wind-velocity 
measurement  data  on  horizontal  segments  200-300  kin  long.  Selection 
of  segments  of  such  length  was  conditioned  by  the  need  to  ensure  a 
sufficient  quantity  of  wind-velocity  measurements  for  statistical 
calculations  with  a  minimum  time  requirement  for  the  flight  experlmou1 
for  which  it  is  possible  with  a  known  approximation  to  consider  the 
field  of  velocities  to  bo  stationary. 


Curves  of  the  structural  function  show  that  with  an  increase  in 

Ax  there  is  an  increase  in  o*fc .  Values  of  the  structural  function 

exponent  obtained  in  this  case  (with  approximation  of  empirical  data 

by  the  expression  c*y*34 (Ax)")  had  a  scatter  ranging  from  0.2  to  1.5. 

Figure  9.2  shows  curves  of  the  integral  frequency  of  values  of  the 

exponent  n  with  respect  to  materials  from  observations  over  regions 

of  the  European  territory  of  the  USSR  and  over  the  Far  East.  As  we 

see,  cases  when  n  was  close  to  2/3  were  observed  moat  frequently.  In 

approximately  25?  of  the  cases  ,n  was  less  than  0.*',  i.e.,  the  growth 
2 

in  oAu  with  an  increase  in  Ax  was  comparatively  sl'w;  In  30-20?  of 

the  cases  n  was  greater  than  0.8.  However,  as  is  evident  from  Table 

9.1  (which  gives  the  average  values  n  at  high  alti  udes),  or.  the 

2 

average  the  dependence  of  a on  Ax  was  close  to  tne  "2/3"  law. 


Fig.  9.2.  Integral  frea.uency  of 
the  exponent  of  the  structural 
function.  1  -  i960;  2  -  1962. 


ourl _ j _ 1 _ 1 _ i_ _ 1  1  1 
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Table  9.1.  Parameters  of  the  structural  func¬ 
tions  of  fluctuations  in  the  horizontal  wind- 
velocity  component. 


(1) 

Bmcuii.  ki> 

T.OiO.S  | 

|  MiM 

•,0l0.% 

10.0 1 0,8 

ll.OtO.J 

n 

<V)M,  KM 

0.6X5 

16.0 

0,646 

17.4 

0,610 

16,3 

0,611 

1B.2 

0,611 

18,6 

KEY:  (1)  Altitude,  km. 

2 

Analysis  of  experimental  data  showed  that  a  growth  in  °Au  with  an 

increase  in  Ax  proceeds  as  a  rule  only  with  respect  to  a  definite 

2 

characteristic  value  (Ax)„p,  When  &x  >  (A*),ip  the  quantity  o^u  either 

does  not  grow  or  its  growth  la  retarded  and  it  varies  around  the 
2 

average  value  o^u«  Figure  9.3  shows  the  curve  of  integral  frequency 
(.NiA'Nhi»  while  the  average  value  iAix],ot,  at  high  altitudes  is  given  in 
Table  9.1.  From  Fig.  9.3  it  is  clear  that  in  approximately  70$  of  the 
cases  the  characteristic  distance  was  less  than  20  km;  in  ^7%  of  the 
cases  it  was  less  than  15  km,  while  in  the  remaining  cases  (\|.v)„r 
reached  ^ 5— 50  km. 


0  10  20  30  * 0  3 OfAtX)xafKM 

i _ i _ i _ i _ i _ j 

0  1.0  2.0  3.0  ♦. 0  5,OU,t)xw*» 

Fig.  9.3.  Integral  frequency 

(Ax)  .  1  -  for  the  hori- 

x.ap 

zontal  component;  2  -  for  the 
vertical  component  of  wind 
velocity  (per  Yurgenscn). 

it  is  interesting  to  compare  the  characteristic  scale  of  pulsa¬ 
tions  in  the  horizontal  wind-velocity  component  with  the  characteristic 
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scale  of  ApX  for  the  vertical  component.  The  latter  can  be  obtained 
from  data  on  aircraft  overloads  during  flights  in  a  turbulent  atmos¬ 
phere.  Figure  9-3  shows  a  plot  of  the  curve  of  integral  frequency 
(Ait),,',,,  obtained  by  A.  P.  Yurgenson  from  aircraft  g- forces  during 
flights  in  a  turbulent  atmosphere.  From  comparison  of  the  curves  of 
integral  frequency  (Ajx),ap  and  (A:x),ap  it  Is  clear  that  they  are  Identi¬ 
cal,  but  (A:x),ai,  for  the  vertical  component  la  an  order  of  magnitude 
leys  than  (Aix),ap  for  the  horizontal  component  of  wind  velocity. 

The  circumstance  that  the  exponent  of  the  empirical  structural 
function  corresponds  on  the  average  to  the  "2/3"  law  serves  as 
evidence  that  on  the  average  the  spectral  density  is  described  by  tin 
"minus  5/3"  law.  A3  studies  have  shown  (Firms,  196*0  ,  deviations 
from  this  law  are  connected  with  the  nature  of  the  thermal  and  wind 
stratification  of  the  atmosphere.  A  theoretical  consideration  of  the 
dependence  of  the  characteristics  of  the  local  structure  of  the  wind 
field  on  thermal  stratification  Is  the  subject  of  the  work  by  St. 
Panchev  (1963). 

Studies  by  S.  K.  Kao  and  H.  D.  Woods  (1964)  ,  carried  out  with 
materials  from  the  American  scientific  research  project  "Jet  Stream," 
showed  that  the  energy  spectra  for  the  longitudinal  and  transverse 
components  of  wind  velocity  are  close  to  one  another  in  shape  and  that 
S (12)  The  magnitude  of  dispersions  of  wind- velocity  pulsations 

turned  out  to  depend  on  the  angle  between  the  ruling  direction  of 
airflow  and  the  direction  of  flight  along  which  the  measurements 
were  conducted.  These  differences  are  evident  from  Table  9.2.  The 
dispersion  of  pulsation  velocity  was  greater  during  flights  across  trio 
flow  than  during  flights  along  It,  and  it  was  larger  for  the  trans¬ 
verse  component  as  compared  with  the  longitudinal  component  during 
flights  parallel  to  the  flow. 

Thus,  experimental  studies  show  that  quasihcrizontal  hetero¬ 
geneities  ranging  in  length  from  several  km  to  several  tens  of  kilom¬ 
eters  are  observed  in  the  free  atmosphere.  Their  appearance  is 
apparently  connected  with  heterogeneity  of  the  field  of  average  wind 
velocity.  As  was  indicated  in  Chapter  4,  the  presence  of  these 
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Table  9.2.  Characteristics  of  wind  pulsa¬ 
tions  . 
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heterogeneities  is  not  always  accompanied  by  high-frequency  fluctua¬ 
tions  in  the  velocity  of  wind  with  significant  Intensity,  H.  Mantis 
(1963)  also  established  the  presence  of  significant  fluctuations  in 
wind  speed  in  the  region  of  mesoscales,  according  to  data  of  studies 
of  the  motion  of  balanced  automatic  balloons.  In  the  majority  of 
flights  either  high-frequency  fluctuations  were  weakly  expressed  or 
a  specific  minimum  was  observed  in  the  turbulence  spectrum  on  the 
segment  of  the  spectrum  between  large  and  small  "eddies." 

5  3.  VERTICAL  DISTRIBUTIONS  OF 
WIND  GUSTS  AND  THEIR  SPECTRA 

Above  we  examined  the  statistical  characteristics  of  wind- 
velocity  pulsations  and  their  change  in  the  horizontal  plane.  The 
vertical  distribution  of  wind-velocity  pulsations  is  of  no  less 
interest.  If  sufficiently  detailed  data  on  the  vertical  distribution 
of  such  pulsations  are  available,  it  is  possible  to  use  them  to 
obtain  correlation  and  spectral  functions,  as  is  done  for  the  horizontal 
and  timed  distributions.  Although  such  a  vertical  distribution  of 
wind-velocity  pulsations  ran  only  tentatively  be  considered  to  be  the 
realization  of  a  random  process,  nonetheless  the  spectral  decomposition 
can  have  a  completely  determined  physical  meaning,  permitting  clarifi¬ 
cation  of  vertical  scales  of  pulsations  in  wind  velocity  and  of  the 
spectral  distribution  of  energy  in  these  pulsations. 
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Below  we  will  call  such  spectra  energy  spectra  by  analogy  with 
the  spectra  of  real  random  processes,  Implying  in  this  name  the  physi¬ 
cal  meaning  indicated  above. 

Energy  apectra  for  small-scale  pulsations  (from  a  few  meters  to 
a  hundred  meters)  were  calculated  by  V.  N.  Kozlov,  N.  Z.  Pinu3,  and 
L.  V.  Shcherbakova  (1965)  according  to  data  from  measurements  of  wind- 
velocity  pulsations  during  ascents  of  automatic  balloons  equipped  wl th 
special  apparatus.  They  calculated  autocorrelation  functions  for  the 
atmosphere  from  ground  level  to  an  altitude-  of  10-12  km  in  layers  1  km 
thiok.  Analysis  showed  that  the  following  expression  is  the  best 
approximation  for  these  empirical  autocorrelation  functions: 

/?{**)  «-«“***  coup  A*.  (9.15) 


to  which  the  following  spectral  density  corresponds: 


c /(11, _ J| _ io?  4-  -p 

'  *  (w-‘  —  —  ,;)-  +  4AiA-  ‘ 


(9-16) 


Vertical  scales  of  perturbations  A0z,  defined  by  the  radius  of 
correlation  corresponding  to  R(Az)  *  0,  vary  from  10  to  350  m.  In 
62?  of  the  cases  they  were  less  than  100  m,  and  m  16?  of  the  cases 
they  were  greater  than  200  m.  The  quantity  a  also  varies  in  wide 
limits  -  from  0.005  to  0.15  m  ^ •  However,  in  89$  of  the  cases  its 
value  ranges  from  0.005  to  0.05  m"^.  It  was  also  found  that  the 

r“l 

intensity  of  turbulence  u,<L  anu  the  scales  of  perturbations  AqZ  grow 
with  a  reduction  in  Ri  number.  The  drop  In  relative  intensity  of 
turbulence  ij>  with  altitude  is,  on  the  average,  inversely  proportional 
to  the  square  root  of  altitude. 


At  present  no  data  are  available  on  the  vertical  distribution 
of  large-scale  pulsations.  S.  K.  Kao  and  E.  E.  Rands  (1966)  present 
data  on  the  spectra  of  mesoscalar  pulsations  of  wind  velocity  for  the 
atmospher:  fr-  m  ground  level  up  to  a  height  of  50  km.  They  utilised 
the  resulto  'p  210  rocket  experiments  which  were  accompanied  by 
measurement'  f  wind  velocity.  They  calculated  spectra  for  scales 
ranging  fro...  .  .  5  to  50  km  for  each  vertical  profile  of  wind  velocity, 
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using  the  procedure  described  In  S  2  of  Chapter  3*  The  calculations 
were  carried  out  separately  for  the  zonal  and  meridional  components  oi’ 
wind  velocity.  .The  Individual  spectra  were  then  averaged  with  respect 
to  seasons. 

Table  9.3  gives  the  values  of  normalized  spectral  data  for 
different  wave  numbers  w,  while  Table  9. 4  gives  the  magnitude  of 
dispersions  of  zonal  and  meridional  components  of  wind  velocity  in 

the  different  seasons. 
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In  conclusion  we  should  note  that  ".’able  9 . 3  presents  data  on 
normalized  spectral  density  fur  scaler,  up  to  "50  Ion,  but  the  magnitudes 
of  spectral  density  are  sufficiently  reliable  only  up  to  scales  on 
the  order  of  30  km.  Therefore  wo  should  not  impute  particular 
significance  to  the  maximum  in  the  region  of  low  frequencies  on  the 
curves  of  spectral  density. 
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b  4.  ON  THE  LOCAL  METEOROLOGICAL 
MINIMUM  OF  ENERGY  fi  THE  TURBULENCE 
SPECTRUM 


It  was  shown  it:  Chapter  1  that  the  magnitude  of  spectral  density 
grow a  with  a  reduction  in  frequency.  In  the  inertial  interval  thl a 
dependence  in  described  by  the  "minus  l>/3"  law.  The  region  of  the 
pcctrum  adjacent  to  the  inertial  Interval  on  the  low- frequency  side 
contains  the  basic  portion  of  the  kinetic  energy  of  turbulent  mot  Ions . 
Thi3  portion  of  the  spectrum  contains  the  energy  maximum  corresponding 
to  a  certain  interval  of  scales  of  turbulent  motions  -  the  so-called 
energy-carrying  range  of  the  spectrum  of  atmospheric  turbulence. 

At  present  there  is  as  yet  no  theoretical  description  of  the  shape 
of  the  function  of  spectral  density  for  this  region  of  the  spectrum. 

The  low-frequency  region  adjacent  to  the  maximum  of  the  energy 
spectrum  on  the  side  ol'  lower  frequencies  has  been  studied  to  a  still 
lesser  degree;  it  depends  essentially  on  the  conditions  of  appearance 
of  turbulent  conditions  in  the  flow. 

a.  Energy  Spectrum  of  Wind-Velocity 
Pulsations  at  Low  Altitudes 

An  effort  was  made  to  calculate  the  spedtrum  for  lew  altitudes 
above  the  surface  in  a  wide  range  of  frequencies  in  the  works  by 
J.  Van  der  fioven  (1957)  and  V.  K.  Kolesnikova  and  A.  S.  Monin  (1965). 

Figure  9.5  shows  the  energy  spectrum  (in  the  coordinates  f S ( f ) , 
log  f)  for  pulsations  of  the  horizontal  wind -veioc ' ty  component  in 
the  interval  of  frequencies  from  10  i.o  10  1/h,  obtained  by  Van 

der  Hoven  (1957)  according  to  data  from  measurements  on  the  125-m 
meteorological  tower  in  Brookhaven  (USA).  This  spectrum  was  calculated 
for  eight  overlapping  intervals,  whoso  characteristics  are  given  in 
Table  9.5. 

From  Fig.  9.5  it  is  clear  that  thin  spectrum  has  two  maxima:  a 
main  maxima  belonging  to  the-  frequency  I'  *  1/h  arid  a  second 

maxima  at  f  =  6-10'''  1/h.  There  is  a  partial  maximum  at  approximately 
f  ~  10-'  1/h.  The  maximum  in  the  so-called  synoptic  region  if  '  10  e' 

iVii)  is  conditioned  by  the  passage  of  large-scale  baric  systems, 
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Fig.  9.5.  Energy  spectrum  of  pulsations 
of  the  horizontal  wind-velocity  component 
(per  Van  dor  Hoven) . 

Designations:  cch  *  a;  hoc  =  h. 


Table  9.5.  Intervals  of  the  spectrum 
of  pulsations  of  the  horizontal  wind- 
velocity  component. 
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while  the  maximum  in  the  micrometeoro.logical  region  (f  t  B-IO1  1/h) 
is  caused  by  small-scale  turbulence  of  dynamic  and  convective  origin. 
The  most  significant  feacure  of  this  spectrum  is  the  deep  minimum 
(trough)  in  the  mesometeorological  [local]  region  (f  =  2*10-1-10^  1/h). 
According  to  Van  der  Hoven's  data  (1957),  this  feature  is  typical  for 
many  series  of  measurements.  At  low  altitudes  this  trough  is  smooth 
in  the  presence  of  convection.  L.  R.  Tsvang  (1962)  established  that 
the  spectra  of  air-temperature  pulsations  have  a  similar  character 
at  low  altitudes. 
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At  present  there  la  as  yet  no  theoretical  explanation  of  the 
appearance  of  the  mesometeorologlcul  minimum  in  the  spectrum.  We 
will  pause  on  a  qualitative  explanation  of  this  phenomenon.  Studies 
of  the  statistical  characteristics  uf  atmospheric  turbulence  are 
based  on  considerations  of  the  fact  that  the  atmosphere  is  a  dynamically 
unstable  system  and  that  periodic  wave  motions  exist  in  it  constantly.  * 

If  the.-; a  motions.  In  turn,  become  unstable,  motions  of  a  turbulent 
nature  arise.  Thus,  turbulent  motion;;  are  the  result  of  the  so-ea'i  .1  ed 
secondary  instability  of  the  atmosphere.  The  synoptic  maximum  is  } 

caused  by  the  secondary  instability  of  large-scale  dynamic  processes 
In  the  atmosphere,  connected  v/ith  the  difference  in  solar  heating  of 
the  polar  and  tropical  zones  and  also  with  the  difference  in  the 
nature  of  the  underlying  surface  (continents,  oceans).  In  the 
process  of  "crumbling"  of  eddies,  transfer  of  turbulent  energy  occurs 
from  this  maximum  along  the  spectrum  from  large  scales  to  small  o:ic3 
until  the  energy  of  turbulent,  motions  dissipates  into  heat.  In  the 
small-scale  segment  of  the  spectrum  of  turbulence  there  can  be 
generation  of  turbulence  energy  due  to  hydrodynamic  instability  in 
the  wind  field,  especially  in  trie  planetary  boundary  layer  of  the 
atmosphere,  and  also  thanks  to  the  thermal  instability  of  the  atmos¬ 
phere  and  the  degeneration  of  short  gravitational  waves  in  the  case 
when  they  lose  stability.  These  local  influxes  of  turbulent  energy 
can  form  a  second  maximum  in  the  energy  spectrum. 

The  scales  of  turbulence  tc  which  the  second  Maxim"-’,  of  turbulent 
energy  applies  depend  not  only  on  the  nature  of  the  vertical  profiles 
of  wind  velocity  anu  air  temperature,  'out  also  on  the  distance  from 
the  surface.  In  particular,  since  the  vertical  scale  of  turbulent 
perturbations  caused  by  thermal  Instability  of  the  atmosphere  grows 
with  altitude,  with  a  gain  in  altitude  there  should  be  a  shift  of  the 
maximum  of  turbulent  energy  into  the  region  of  lower  frequencies. 

On  the  other  nand,  since  thermal  stability  of  the  air  increases  with 
altitude,  or.  the  average  in  the  troposphere  the  role  of  thermal 
factors  causing  the  appearance  of  the  second  maximum  is  weakened. 

In  the  middle  and  upper  troposphere ,  except  for  the  zone's  of  the 
tropopause  and  cases  of  the  presence  of  Jet  streams  and  atmospheric 
fronts,  there  ar?  no  dynamic  conditions  for  direct  generation  of 
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turbulence  In  the  microscale  region.  Therefore  we  can  assume  that 
in  the  free  atmosphere  there  is  no  mandatory  presence  of  a  maximum 
of  turbulent  energy  on  microscales  or  the  connected  phenomenon  of  a 
mesometeorological  minimum  of  energy  in  the  energy  spectrum  of 
atmospheric  turbulence. 

b.  Energy  Spectra  of  Wind-Velocity 
Pulsations  in  the  Troposphere  and 
the  Stratosphere 

The  greatest  amount  of  published  works  contain  the  results  cf 
experimental  studies  of  turbulence  in  the  boundary  layer  of  the 
atmosphere,  while  data  on  turbulence  in  the  free  atmosphere  are 
substantially  fewer.  Besides  this,  these  data  touch  only  on  individual 
segments  of  the  spectrum  of  atmospheric  turbulence.  For  example, 

Wan  Chang-chin  (i960)  studied  the  time  energy  spectra  of  pulsations 
of  the  horizontal  wind-velocity  components  on  levels  from  700  down  to 
50  mb  for  two  points  on  the  territory  of  the  USA.  For  thi3  pui'pose 
he  used  radio  wind  observations  carried  out  in  the  course  of  a  year 
and  made  once  a  day.  The  synoptic  maximum  of  energy  In  the  spectrum 
of  wind-velocity  pulsations  is  well  defined  by  these  investigations. 

Spectra  of  pulsations  of  the  horizontal  component  of  pulsations 
[sic]  of  wind  velocity  obtained  by  S.  K.  Kao  and  H.  D.  Woods  (1964) 
for  the  Jet-stream  region  give,  as  we  have  seen,  an  idea  of  the 
particular  features  of  energy  spectra  only  in  the  region  of  mesoscales. 

N.  Z.  Pinus  (1966)  in  recent  years  carried  out  studies  of  spectra 
ranging  from  synoptic  scales  down  to  scales  of  several  tens  of 
meters.  For  this  purpose  he  used  radio  wind  observations  and  also 
aircraft  measurements  of  wind  made  with  a  Doppler  navigation  system 
and  with  a  hot-wire  anemometer.  The  airci'aft  measurements  made  it 
possible  to  obtain  unidimensional  spatial  spectra  of  pulsations  of 
the  horizontal  wind-velocity  component,  while  the  radio  wind  measure¬ 
ments  provided  time  spectra.  The  hypothesis  of  "frozen"  turbulence 
was  used  during  comparison  of  these  spectra. 
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The  work  by  Finua  (1966)  gives  spectra  of  S(D)  of  pulsations  of 
the  horizontal  wind-velocity  component  for  the  500,  300,  and  200  mb 
levels.  The  low-frequency  portion  a  of  the  spectra  was  obtained  from 
materials  of  sounding  carried  out  four  times  a  day  (1964-1965)  and  oy 
special  two-week  ( 1 9 6 0— 1961)  series  of  radio  wind  observations  carried 
out  every  2  hours;  both  were  accomplished  in  Moscow.  The  middle 
portion  b  was  obtained  from  aircraft  measurements  using  a  Doppler 
navigation  system,  while  the  high-frequency  portion  o.  was  obtained 
from  data  of  aircraft  hot-wire  anemometer  measurements  (Fig.  9*6). 
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Fig.  9.6.  Spectral  density  of  pulsations  of  the  horizontal  wind- 
velocity  component  at  various  altitudes.  1  -  Jan.  1965;  2  -  Jan. 
196.1;  3-28  Dec.  1964  ;  4  -  21  Feh .  1962  ;  5-8  Feb.  1965;  6  -  19 
Feb.  1962;  7-29  Deo.  196'*;  8  -  13  Feb.  1965;  9-9  Feb.  1962. 
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Segments  a,  b  and  a  of  spectra  of  atmospheric  turbulence  should, 
apparently,  continuously  transfer  from  macroscales  to  middle  3cales 
and  then  to  microscales.  The  junctions  of  these  segments  of  the 
spectra  can  be  only  tentatively  assigned  by  the  author,  since  the 
3pectra  a,  b,  and  c  were  obtained  in  different  regions  and  not 
simultaneously.  Even  in  one  and  the  same  experiment  the  indicated 
breakdowns  of  the  spectra  (as  regards  aircraft  measurements)  had  no 
overlaps  in  the  area  of  adjacent  frequencies.  The  impossibility  of 
overlapping  in  the  wave-number  interval  1-.-3  rad/km  is  connected  with 
particular  features  of  methods  of  airborne  Doppler  and  hot-wire 
anemometer  measurements  of  wind  velocity  (see  Chapter  2). 

Investigations  showed  that  at  all  altitudes  the  spectral  density 
S(fi)  is  increased  with  a  reduction  in  0  and  that  the  dependence  of 
S(n)  on  fl  may  be  described  by  a  power  law.  On  the  average  the 
exponent  for  segments  a  and  b  turned  out  to  equal  -5/3 •  From  this  it. 
follows,  that  the  spectrum  in  the  , wave-number  bandbfrom  10-^  to  10° 
rad/km  at  the  500,  300  and  200  mb  altitudes  obeys,  the  "minus  5/3"  law; 
this  means  that  In  it  the  rate  of  energy  transfer  along  the  spectrum 
Is  constant.  The  level  of  turbulent  energy  in  this  interval  of 
frequency  naturally  depends  in  each  case  on  the  intensity  of  the 
source  of  turbulence  energy. 

Spectrum  segment  c  in  the  wave-number  interval  1-10  rad/km  had 
a  slope  at  the  500-mb  level  which  was  greater  than  that  according  to 
the  "minus  5/3"  law  and,  most  importantly,  it  wa3  located  in  a 
region  of  lower  energies  than  would  be  indicated  by  simple  extrapola¬ 
tion  of  segments  a  and  b  of  the  spectrum  into  the  region  of  larger 
wave  numbers.  It  is  possible  to  assume  that  at  the  500-mb  level  In 
the  region  of  these  wave  numbers  3ome  rort  of  additional  energy  source 
existed.  This  was,  possibly,  gravitational  waves  undergoing  destruc¬ 
tion  because  of  loss  of  stability. 

Since  the  thermal  stratification  of  the  atmosphere  Is  stable  at 
the  500,  300  and  200  mb  levels,  generally  speaking  one  would  expect 
the  presence  of  a  "drain"  of  turbulent  energy  at  these  frequencies. 
Actually,  Judging  by  the  nature  of  the  spectrum,  at  the  500-mb  level 
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this  drain  was  more  than  adequately  covered  by  the  Influx  of  energy, 
while  at  the  200-mb  level  balance  apparently  occurred  between  the 
Influx  of  turbulent  energy  from  some  external  source  and  the  drain 
of  energy  caused  by  the  stable  thermal  stratification  of  the  atmosphere. 

Analysis  of  these  energy’  spectra  shows  that  the  maximum  of 
turbulent  energy  at  the  500-mb  level  is  related  to  a  wave  number  of 
about  3 • 10°  rad/km  -  l.e.,  to  scales  on  the  order  of  2C00  m.  No 
micrometeorological  maximum  was  detected  in  spectra  for  high  altitudes. 

There  is  one  more  extremely  Important  circumstance  which  should 

be  noted:  at  the  500-mb  level  the  energy  in  the  region  of  the  micro- 

meteorological  maximum  is  tens  of  times  less  than  In  the  region  cf 

2  2 

the  so-called  synoptic  maximum,  where  it  comprises  tens  of  m  /a  . 

At  the  same  time,  the  data  compiled  by  Van  der  Hoven  (1957)  indicate 

that  at  an  altitude  of  about  100  m  (Fig.  9  •  '• )  the  energy  in  the  regions 

of  the  micrometeorological  and  synoptic  maxima  is  virtually  identical 
2  2 

and  equals  a  few  m  /s  . 

While  at  present  the  troposphere  is  represented  by  a  considerable 
quantity  of  experimental  data  on  the  fine  structure  of  turbulence  - 
data  covering  different  meteorological  situations  and  relating  to 
different  regions  of  the  earth  -  the  quantity  of  such  data  available 
for  the  stratosphere  is  as  yet  small.  Therefore  a  major  problem  at 
present  is  the  accumulation  of  experimental  results,  whion  must  then 
subsequently  be  systematized. 

We  can,  certainly,  attempt  to  obtain  certain  evaluations  of  the 
energy  situation  In  turbulence  in  the  stratosphere  by  Indirect 
methods,  as  by  extrapolating  sufficiently  reliable  experimental  data 
obtained  in  the  upper  troposphere. 

Two  series  of  experiments  ( summer  and  winter)  were  carried  out 
in  I966-19G7  at  the  Central  Aerological  Observatory  In  the  Khar'kov 
region  ( Vinnichenko ,  Pinus,  Shun,  19^7)  •  iiach  series  was  continued 
for  one  month  (July  and  January).  In  the  course  of  the  month  repeated 
launchings  of  radiosondes  were  made  at  intervals  of  2  hours  ( 36O 
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launches  per  month) .  In  the  same  area  and  at  the  name  time  flights 
were  made  on  a  laboratory  IL-18  aircraft  equipped  with  a  Doppler 
navigation  system,  hot-wire  anemometer,  and  other  scientific  apparatus. 
Eight  to  ten  flights  (2-3  flights  per  week)  were  made  in  the  course 
of  the  month.  The  flights  were  carried  out  over  horizontal  areas 
200-250  km  in  extent  at  altitudes  of  1  to  10  km. 

The  raw  experimental  data  were  subjected  to  statistical  process  I  nr, 
on  electronic  computers  in  order  to  obtain  the  spatial  energy  spectra 
of  the  measured  parameters.  The  hypothesis  of  the  "frozen"  nature 
of  turbulence  was  used  to  obtain' the  spatial  spectra  of  wind  velocity. 
While  the  use  of  this  hypothesis  Is  widely  accepted  in  aircraft 
investigations,  during  the  processing  of  radiosonde  data  its  applica¬ 
tion  is  a  formal  operation.  Furthermore,  while  radiosonde  measurements 
were  carried  out  continuously  throughout  the  entire  month,  the 
aircraft  flights  were  made  only  every  2-3  days;  therefore  the  airborne 
measurements  cannot,  in  principle,  cover  all  situations  existing  in 
the  course  of  the  month. 

Up  to  an  altitude  of  10  km  the  turbulence  spectra  obtained  by 
the  method  encompassed  virtually  all  scales  from  several  thousands 
of  km  down  to  hundreds  of  meters.  Above  10  km,  where  no  synchronous 
aircraft  flights  were  carried  out,  only  macroscale  spectra  from 
radiosonde  data  were  obtained. 

Figure  9-7  shows  experimental  spectra  of  pulsations  of  the 
horizontal  wind-velocity  component  for  July  1 Q 66  and  January  1967. 

The  macroscale  spectra  are  given  for  altitudes  of  5,  7,  9,  12,  15, 
and  18  km,  while  mesoscale  and  microscale  spectra  are  given  for 
altitudes  of  5j  7,  and  9  km. 

The  macroscale  spectra  for  the  troposphere  and  the  stratosphere 
on  Fig.  9*7  lie  30  close  to  one  another  (differing  by  no  more  than 
a  single  order)  that  it  is  not  really  possible  to  make  any  distinction 
between  them.  Obviously,  one  should  expect  that  the  mesoscalar  and 
microscale  spectra  for  the  stratosphere  also  wo  .Id  net  differ  sub¬ 
stantially  from  one  another.  Despite  the  use  of  a  comparatively 
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Fig.  9.7a.  Spectra  of  pulsations  of  the 
horizontal  wind-velocity  component.  July 

1966.  6^  -  weak;  -  moderate; 

6^3)  -  strong;  -  very  strong  buffet¬ 

ing  of  the  aircraft. 

Designations:  hm/mac  =  km/:: ;  p.a;\/nn  = 

=  rad/km. 
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Fig.  9.7b.  Spectra  of  pulsations  of  the 
horizontal  wind-velocity  comporie  t. 

January  1967. 

Designation:; :  Hri/sao  =  km/h;  paji/HM  = 

■  r-.J/km. 

large  mass  of  statistical  material,  at  altitudes  from  5-9  km  no 
clearly  expressed  minima  in  the  spectra,  similar  to  those  obtained 
on  a  tower  by  Van  der  Hoven,  are  observed. 

The  spectra  shown  on  Fig.  9-7  can,  or.  the  average,  be  depleted 
as  a  uniformly  diminishing  curve.  In  the  wave-number  interval  from 
10^  to  10^  rad/km  the  average  slope  of  the  curve  of  spectral  uensit 


Is  greater  than  that  at  smaller  wave  numbura,  exceed Lng  It  In  absolute 

value  by  5/3.  This  is  especially  clearly  noticeable  for  July.  If  we 

proceed  from  the  idea  of  cascade  transfer  of  energy  from  smaller  wave 

numbers  to  larger  ones,  it  should  bo  noted  that  In  the  upper  tropoapher 

and,  apparently,  in  the  stratosphere  there  is  intensive  draining  of 

turbulence  energy  toward  the  work  of  counteracting  forces  of  negative 

■> 

buoyancy.  On  wave  numbers  greater'  than  10J  rad/km  the  scatter  of 
experimental  points  reaches  3  orders  of  magnitude  for  July  and  2 
orders  of  magnitude  for  January.  Such  a  large  scatter  of  microscale 
3pectr'i  (as  compared  with  mesoscalar)  is  apparently  explained  by 
peculiarities  of  the  local  structure  of  fine-scale  turbulence  and  the 
fine  structure  of  the  temperature  and  wind  profiles.  Frequently 
cases  can  be  observed  In  wh.lo.lj,  _fl  rie-ucale  turbulence,  1J’  it  exists, 
has  an  intensity  below  the  threshold  of  sensitivity  of  the  hot-wire 
anemometer  (^5  cm/s). 

Tentative  intervals  of  the  magnitude  of  spectral  density  corre¬ 
sponding  to  buffeting  of  an  aircraft  at  different  intensities  are 
tentatively  plotted  on  Fig.  y.y.  As  is  evident  from  the  figure, 
only  a  few  values  of  spectral  density  on  the  microscales  full  within 
the  zone  close  to  the  boundary  of  weak  and  moderate  buffeting;  this 
coincides  with  readings,  of  the  aircraft  accelerograph  Installed  on 
the  TL-18  .■ 

The  considered  experimental  data  confirm  that  turbo1 anoo  energy 
may  not  only  be  transferred  along  the  spectrum  due  to  a  cascade 
mechanism  from  smaller  wave  numbers,  but  may  also  arrive  In  the 
spectrum  due  to  local  (with  respect  to  wave  number’s)  source:;  of 
instability  (decaying  gravitational  waves,  orography).  Since  they 
are  operative  at  comparatively  large  wave  number:;.  It  is  natural 
that  in  the  presence  of  such  sources  we  ear;  expect  an  Increase  In 
intensity  of  turbulence  in  the  appropriate  region  of  wave  numbers. 

In  these  cases  the  energy  sper  train  of  turbulence  in  the 
troposphere  and  that  In  the  stratosphere  may  have  a  secondary 
maximum  of  spectral  density  and  only  then  will  this,  spectrum  have 
the  so-called  mesoineteoro  Lor;J  cal  minimum. 


However,  most  frequently  In  the  upper  troposphere  and,  apparently, 
in  the  stratosphere  the  effect  of  drainage  of  energy  expended  on 
counteracting  negative  buoyancy  forces  should  he  manifested  and  the 
slope  of  the  curve  of  spectral  density  In  this  region  of  scales  of 
tui’bulence  should  exceed  5/3  in  absolute  magnitude. 

Certain  concepts  on  the  possible  frequency  of  spectra  with  a 
secondary  energy  maximum  In  the  spectrum  are  provided  by  data  on  the 
frequency  of  turbulence  causing  buffeting  of  aircraft  (see  Fig.  7.1). 

In  particular,  for  the  upper  troposphere  in  the  middle  latitudes 
above  the  USSR  it  comprises  about  12%,  including  that  with  moderate 
and  strong  turbulence  (see  Tables  7.2  and  7.7)  -  about  6%, 


BIBLIOGRAPHY 


i ) 

i 


p 


I 

i 

t 


A.ukc  a  h  ipo  i  B.  C.,  C  it  .1  a  c  n  a  B.  H.,  Ill  m  e  r  e  p  C.  M.  1967.  ATMOc$ep- 
Ha*  TvpOy.iCNTiiocn.  ■  June  Hyxcno-.-ioHuciiux  o6.iikub.  Tpy.iu  UAO, 
»un.  78.  ' 

A  i  a  *  c  Jl.  1967.  VcntxK  pa.npiiofl  McitopoAormi.  riiApOMcrcoiuaaT,  Jl, 
BapaxrHH  B.  H.  1963.  Ilcxoropuc  otuCcimociH  ioh  Go.iriiiKit  cbmo.iciob  hi 
nucorax  8 — 10  km.  Alercopo.ioi  iih  ii  rnApo.iormi.  5. 
b  j  P  u  \  t  H  h  B.  H.  1 966.  AspociimiiiTiiHccKiic  yc.iouiiH  (in.iT.inkn  caxio.icroB 
a  DfpXHcft  rpoiiocipipe  n  HiDKiicfi  crparociicpc  kb.i  Aiiiarcxufl  icdpiito- 
piiofi  CCCP.  Tpy.iu  LUin,  nun.  157. 

B.  n.  [ii  .ip.J.  1964.  Ilcxoropuc  pejy.ibraru  xiifncpiiMciiri.ii.nux  tic- 
c.ie.ioHamili  Tj'pOy.iciitHocTH  arMocibepu  c  mv-iombio  pa  niuaciH  ioi.  Tpy.iu 
UAO.  Bun  54 

Bc.mca  B.  II.  |h  Ap.].  1965.  Hcxoropuc  pciy.ihTliu  cpauiicMim  puiioniHao- 
nux  n  CiiMO.icTHMx  n.iMepcKiiA  TypfiyjienniocTi!  a  cnafioanufl  iTMDcdifpt. 
Tp.  UAO,  nun,  54, 

Bc.inra  B.  n.  h  III  y  p  f.  H.  I960;  1961.  VriporicTMO  .i.in  HiMcpciiHn  ii  pcrii- 
CTpnuiiM  aTMocipcpnoil  rypOy.icimioctii.  Aar.  cmiaerc/ibCTBa  Ni  135265 
n  152107. 

Bob 


iieuepoa  B  M.,  r  y  p  h  ii  h  A.  C.,  liBaur  .0.  P.  IS59.  llpnMuc  niMr- 
pelf iih  TypOy.iciiTiioro  noroKa  nn.ia  a  npmcMiioM  c.ioc  ai.MocOivuu.  UAH 
CCCP.  125.  ,NV  6. 


boponiiKob  A.  M.  h  M  a  j  h  ii  H.  11.  1967,  06  opHcimmin  o6.iiuhux  rpnx 
Tpyau  UAO.  cun.  79. 

B  p  a  c  n  i  a  c  k  ii  fi  R.  A.,  JI  ary  non  C.  C.  1954.  Pac’icr  ii  xohctpvkuhh  jBiia- 
uiioHiiux  npiifiopon.  OOnpoiirMi.  M. 

B  '<  T  M  c  .1  o  p  U/H.  1953.  Tcopnn  oxiiopoAiiofl  TvpCy.iciiTHocTM.  Mjj  eo  imocip. 
JIHT.,  AV 


BacM.ibun  A.  A.  1965.  Pacnpr.iMciwc  Bvrpa  iiaa  KpuMCKinni  ropjMii  n  oco- 
Ccimocrii  Oo.iroiiKii  ncprn.V'ion  npn  paa.iiixuux  ciiiiirntii'iecKiix  no.io*e- 
iinnx.  Tpyju  ITO.  uuu.  171. 

B  a  c  il  .i  bX  e  h  k  o  11.  B.  1958  Parxcr  xapaxTcpiifTHK  ofiiaxiiod  knnncKiiiinioft 
CTpvn.  Tpyau  ITO.  nun  82. 

E  a  c  n  .1  k  x  e  ii  k  o  II.  B.,  .1  c  ,i  n  x  a  »  ii  x  A.  1962.  1  IcKOionur  pcjy.ihraTU 
caMo.icrnoro  JOHiBpou.niiin  ii  t'n.io.moii  crcim.  Tpy.iu  ITO,  aun.  135. 

B  e  a  b  t  ii  m  u  b  H.  <t>.  1965.  K.  nonpoev  ?•?  mircpiipcramti!  Mc.iorrpyKTypu  no.m 
oO.iaxiiofni.  Tpy.iu  A1MI1,  nun.  6. 

Bcp.ic  E.  K  1963.  Ilcxoropuc  .laimu-  i,6  ATMOc4>epnoil  ryp6y.iciiiHocTH 
b  BCpxucft  iponoci}>cpf  n  iiidkmcA  ciparocdicpc.  Tpy.iu  /IB  HHTMH, 
sun.  15. 

B  n  h  ii  ii  x  t  ii  x  o  II.  K.  1964.  Oiiut  npMv-rfi  inm  lepMoaiiCMoveTp*  na  ciMn.neTt. 
Tpy.iu  UAO.  aun.  53. 

B  n  ii  ii  ii  x  e  h  k  o  H.  K  1966.  Typfiy.iciiTiiociu  d  hciiom  iicOc  mb  buoujx  0  - 
12  km.  M  IB.  AH  CCCP,  ccpHn  .pH  inhH  ir'imi]n'pu  h  oi.c.iii.i.  t.  2.  11 

Biiiihiixchko  H.  K..  n  ii  h  y  c  II  J..  Ill  y  p  r.  It.  1965.  HcKoropuc  pc.iv.rb- 
tbtu  axriicpilMfHTB.ii.iiUx  iiif.iciouainui  lypOy.iciiricjfTn  ii  Tpunm-ipi-pv 
AleaXjyHipoAiiuA  kim.iokbiivm  iio  toiikui'i  JipvxTvni-  aTMonpcpu.  AV 

B  IIH  II  H  x  eii  *0  11.  K-,  till  I!  ye'll.  3..  Ill  y  p  V.  l(.  1967.  CnrKipu  nvn.caum'i 
exopoern  nerpi  ii  r.-Miicparypu  u  CTparoxiJicpc.  CR'iinanyu  v.Mcrcopo.io- 
•  HXfCKHC  npoe.ifMU  ''ecpxioVhOnon  ai>iiai:m:  XIV  rriii-p.-i.n.itoii  ifr.iMft.icn 
AV'/KAYnapo.iiioro  rnio.ia  rco.tciHit  h  icnif.iuiiKH.  llxipHx. 

II  il  ii  ii  II  x  e  H  k  o  H.  K.  n  111  v  p  1'.  H  1959.  niviyxcimc  am-pn  tinici  xoro  cnri.i|-.i 
CTiiiliioiiapiir ro  r.iviafnioro  npouccca.  i.ilim.iinn-iii  rpaipil'iccKii.  Tpv.iii 
U/\0,  »un.  31. 


y/u 


’fWllS'iPflWSi'llittfiiisj. 


t  I 


« 


» 


RiihhmhchkuH  K  h  111  y  p  f.  II  19(52.  Cucteua  m .-iiiiiit iiciii  namicii  Mil- 
•itHHO  mchiiiouiiixch  >icfeiipo.iorioii(.KH.<  napauctpoB.  Tpy.ua  IIAO,  nun.  42. 

B  M  H  H  il  4  e  M  ko  H.  K  ii  Ulyp  P.  II.  1965.  MiinroKaiia.ii.itl.ili  Cupiuuoli  hO.iH- 
pMoumll  np<oSpnioaat>Mi.,  Tpy.iu  IIAO,  uian.  63. 

BopoAbca  B.  H.  1260.  CtpyilHue  tvwiiii  *  y'u-pi-Him.x  »  bucukhx  uinpo- 
Tax.  T MUpOMCTCOHSAftT,  71. 

BopoOwcfta  E  9.,  T  p  y  6  ii  n  k  o  i  D.  H.  1067.  flxeftKOBBH  kuhdi-kuhh  npM 

HlHlOTpomiofl  TypOy.ltHTIIOCTIt  ft  H4.1IHHII  110.1ft  OTHOCMtC.lkllnl 0  HMXpft. 
Tpy.iu  LIAO,  ■  tin  75. 

BupOHUnt  11.  A.  I960.  A-»pu.ioi-HHncKiic  iiccnc/totuiiiii*  iiiirpuHilftiioro  r.ioft 
ftruociptpu.  T ii.ipiiM(iou»ij«r,  21, 

BopnHUOft  11.  A  I960.  Tj-|i6i'.h.-htiioctk  ii  lupTiiKa.ibiiuc  totoi  ft  noip*Mft>i- 
iiom  c.ioc  UT  Moctpvpu.  riui'ci.MeTfOHinar,  71. 

RopouUoa  II.  A..  B  ■  c  ii  .1 k 1  u  A.  A.  1965.  Boitporu  Mun-tipo.iorii'H-CKoro 
oOccnimeHiin  non-tun  na  iirpio.it'tiiiax  rpaccax  a  n.pnux  pafioiiax.  Tpv.iu 

ri  O,  nan.  171. 

Boponuoii  II.  A..  PepMftft  M.  A.  1964.  K  mtto^iiku  iicr.icAuft.iHiiR  TypOy* 
ltNTHoro  pew  ii  mi  iimpaiiHMiinro  c.ion  no  asiikum  i.innccA  .mcc/u-poipaijia 
mb  c«M<xim  no-2  Tpy.iu  ITO.  man  154. 

By.ikiproH  H  II  1961ft  IlcKurnpiat-  iny.n.taru  Hcr.io.tnnaHHft  kohbcxtii»- 
max  luiimwinfl  a  CHuOiunon  iTMuc'l'.  pr  CO.  •  Hcc.ie.iuuftiiiia  oGabkob, 
ocft.iKi.ft  ii  rpojoiuro  x.icKtpii-n.ctiftv  llj.t.  All  CCCP,  M. 

By.iupcoH  H.  11.  19616  llcc.inommi*  xohuckimiihijx  .lamHeiiiii!  s  Kyneaux 
b0.i«KftX.  C5.  allccneiuitaiiiic  oGnaKos,  ocajuoo  ii  rpnionaru  j.iiKrpMMe- 
cr»«»,  H.ij.  All  CCCP. 

B  y  .1  kip  c  on  H.  II  ilxila.  I  Ii  o-i-.ionaiiiie  KonncKtHBHUx  uonao-iiiiii  a  rnoGoa- 
huh  ai m ocipcpc.  Il-.l.  AH  C.CXP. 

By.ikipcoM  H.  11  l'J6'l.  Bjiniinhc  uiawiinctn  aoiivxa  Ha  paiuiiiHC  kohdcK- 
iiiuhux  .iftiiwciiiiii  ft  OcJtiO.H'iHon  aiwocipcpr.  /lAM  CCCP,  t  151.  M  5. 
r  a  h  i  ii  m  .1.  C.  194",  VnopftAPNCfiiia*  cnoGn.viaa  koiibckiihr  ii  at'iocipcpf. 
Tpy.iu  ITO.  ftun.  6. 

r  a  H  .1  il  H  .1  C.  1937.  06  ycToitmiROCTft  ho.im  v  nonrpxmK-n,  pat.ir.ta  iioiokob, 

" H.inpm.icHMWx  noj  vr.iuM  apyr  k  .ipyry.  I6b.  All  CCCP,  cop.  rroijnta., 

r  ft  M3  II  H  .7.  C.  1938.  OO  uGpilOBftllllll  Typ9y.HH  I IIIJX  AIIHHiMIHli  lift  (JipOliTIlll. 

Tpyau  rro,  aun.  76. 

P  a  H  J  it  h  .1-  C.  1959.  O  Ko.icOftNilftt  rftMo.icr#.  cna(j*i:iiiiuro  aBTDiiH.iotoX 

i  TypOy.HHTiinli  .iTMoopcpe.  Tpy.iu  ITO,  huh.  98. 

r  a  n  j  ii  h  .1-  C.  Jii  .ip  ).  1953.  OcftOau  AHiiaMiiircKuil  Mcu-opo.iorHil.  rn.ipouc- 
TCOIlIJiT,  71 

rt.iburo.ihu  H.  ' S>.  1963.  AtMocipcpiia*  lypOynmiiiurTb  ii  cnoKoiiciHiic  no- 
.icro»  ■  Jour  rponmiayau  il  ctpymiux  nu  niiH.  Tpyiu  KaJ  IIMIMH, 

■un.  19. 

r  c  p  >i  n  ft  At.  A.  1963.  O  ryp6y.i*HTnou  oSmchb  ■  oG.takax.  Mm-opixioi  nil  m 
rinpo.iorim.  Ni  10. 

r  c  p  h  a  h  M.  A  1964.  HeKotoptie  p'.'jy.ibTaTU  SKciH-piiMiHiH.uiioro  Hcr.ie.io- 
BRKHft  CTpyKTypIlp'lHCprCTHNCCKHX  XjpaKTCpHCIHK  1>|lfl).ieHTIIOCIH  ft  uS.1l- 
xax.  Tpyau  i'10,  uuii.  154. 

r  lie  hu  a  <1>.  A.  1966.  O  .i;.hhhhm  ipaAHvinoa  cpcaneA  rKopucm  n  mmvparypu 
Ha  cncKrpa.ikiiyc  »ap:iKTcpiiCTiiKM  TypSy.iiimiocTii.  Hjh.  AH  CCCP,  ce- 
pun  ipHaiiKH  atuccipcbu  H  OKi-aHj,  tom  2,  AT  8. 
rope.lHK  A.  r.  1U65,  O.IHOBptMCHHUC  HlMcpCIlHH  .liltpalDKi'Da  II  ill.li'JIOHft 
uaciuta6oa  TypSy.icntHocTii  a  oca.iKftx  n  uii.u-  ciicra,  Mm.  All  CCCP, 
crpim  (biuiiKii  ai.uoctpcpu  ii  uKeana,  t.  I.  Ni  9. 

I  ope  .INK  A.  r,  KocTapca  B.  B.  Me  p  h  »  k  o  u  A.  A.  19.58  PaaiiiuoKa- 
UHOHHUT  111 Mt'pCH lift  Typfiy.H'HTIIOCTil  II  OC.IUKaX.  Mr  ■■ ■■  po.lliriin  H  rii.-tpo- 

■lor hr,  ,N»  5. 

rope.iiiK  A.  r.,  KocTapea  B.  B.,  Mepii  iik.i  A.  A.  1965.  KoopamiaTHo- 
annn.icpoRCKPli  ucioa  acrpouux  ii.i6.iio.1(-h mi  n  hckotopuc  piayauraTu 
iirc.i<!.ioaaniiH  iico.iHOpoanocTcii  iio.ih  oetpu  n  aiMuripi-pc.  Mcu-opo.ioriia 
H  riupo-ioriift,  M  10. 

fope.iHK  A.  T.,  MepHHKOB  A.  A.  196-1,  HcKOiopue  pvay.ikT.nu  pa.mo.io. 
KiiiiiioHiioro  iicc.iraaraHHH  crpjKTypu  iiii.ih  urt]ia  lift  nucorc  50--700  m-r- 
pob.  Tp.  UAO,  sun.  57. 

rypaiiM  A.  C.  1962.  Cnfxrpu  ny.ibcamifl  ncptHKa.ii.no4  komiiuhchiu  rKopoctii 
BOtpa  II  IIX  C8H3H  C  MHKpoMl-TCOPO.IorMMCCKIIHH  yc-IOBIIHMIl.  TpyAU  H<t>A 
AH  CCCP.  Nt  4. 

r  y  p  ft  II  H  A.  C.  (ii  .ip.)  1967.  3umipii<n-CKiic  .iniiiiuc  o  Mi/tHOMaciaTaftiuHi  ctpyx- 
type  .iTMOopcpnoA  iyp6y.ini rimcrii.  Cft.  «Atmoci|ii  pii.ih  lypSy.iriiiiioc.k 

ii  pacnpoopaiieiine  pa  ihouo.ih*.  II  i.v 

JL  B  B  u  j  o  i  H.  II.  1939.  A  ip  oc  mi  oi  1 1  ii  mock  no  yr.iuuiiR  paimiiiiR  TypSv.u-ntHo- 
crii  B  nopxiii-H  tpoiKiCclirpe  h  Hiiwiieii  ctp.itocipi-pr.  BooiiHi.aaT,  M. 

.1  e  I  «  T  o  u  j  11.  A  [ii  ,i|i ).  IU.iH.  llcc.T  .loa.miH!  ny.iu  .rr.ui  ropiiiOHiaii.Ho.l  co- 
CTHH.I.IIOlUt'll  CKi-poCTII  ucrpi  ,10  uuiot  u  5  km.  Tpi.iu  IIAO,  Bull.  21. 


37  ! 


AwopAWno  8.  A-.  llerpcMKo  11.  B,  1964.  Crpymiue  tciehh*  ■  ar»it>- 
ClpCpe.  r  A.  4.  P)K0DO4CTBO  no  KpaTKOCpOIHUM  ppOrllOJIU  HOT  OAK.  <t.  I- 
r NipOMeTVOHjaaT,  71. 

Aopo.iHimMM  A.  A.  1936.  BojxymfHHii  nojyyuiHoro  iiotoki,  auiaaHNue 
HepoMocTintN  h*  noucp.mocni  jew.iH.  Tpyaw  riO,  awn.  23. 

AopoAHiiuuN  A-  A.  1940  HcKoiopue  la/ium  oOitKiHHii  HcpoiMocreft  no- 
aepxnocTH  jcm.im  boiayuihum  noloKUM.  fpyau  ]TO,  awn.  31. 

.1  OJ.  0  2  H  M  U  II  H  A.  A.  1950.  P.1IIHHMC  pC.'iMHpl  JCMHOfl  noaepXMOCTH  HI  BO»- 
aytuiiue  TextMii*.  Tpyau  UMII,  pun.  21  (48). 

Ay6os  A.  C.  1919.  OnprAcnemie  cKopocrM  pcprHxiAkHH.x  nupupon  pcrpj  npH 
cjmo.icthux  loiiAHpoupHimx  c  iioMouibio  aKce-ifporpiupa.  Tpy.iu  D'O, 
pun.  16  (78). 

Ay  6  ■>■  A.  C.  1959a.  K  oonpocy  oC  onpcAi'.TCHmi  Bcprnha.iMiHX  CKopocrefl 
aerpa  no  .ibmiimm  caxo.'icTin  >ru  atice/ieporpaipa.  TpyAU  1TO,  pun.  81. 

Ay6oa  A.  C.  19596.  Bosoaur  Ko.ivOamia  cawu.HTa,  ooyc.iupAcaHue  p-iimnreu 
nopupoa  aerpa  TpyAU  rrO.  pun.  98. 

A  y  6  o  a  A.  C  1959a.  Onpe.if.icH He  aoii|>$imnrnTa  Typfiy.ifHtHoro  oGmchi  no 
ycMopciiHio  ciMO.iera.  Tpy.iu  ITO,  nun.  98. 

A  v  6  o  a  A.  C  1961.  Oiipeac.itHHc  pcpTHpa.ibHUx  nopupoa  aerpa  no  Ko.ie6iHaau 
caMoArra  a  no.K-ie  c  yncroM  a.iiixHiia  .lermiaa  hi  puxaru  ynpaa-iCMHl. 
Tpy.iu  rrO.  aun.  121. 

A  >  6op  A.  C  .  r  e h  k  h  h  A.  A.  1959.  Onpc.leatPiie  aepTMKMkiiMX  nopuaoa 
aerpi  no  xanHcaM  aKff.U'porpaipa  na  ynpaiAaenou  raxoACTe.  Tpyju  TTO, 
aun.  98. 

Ay6ea  A.  C.,  TcpMip  M.  A.  I96S  O  cncKTjpa  ibitoA  n.iomocTM  aepTifKa-ifc- 
hux  H'  puuoa  aerpa  a  oAnaicax.  Mia.  AM  CCCP,  cep.  4>iiihxm  arxocipepu 
ii  oKraiia,  T.  I.  M  7.  ,  • 

A). I  an  r.  K.  a  Pemaioi  T.  B.  1964.  floiinfltpoacKiie  MlMcputt.XM  CKopo- 
cm  n  vr.ti  chocI  ciMo.icra.  H»,v  eCoacrcuoe  panno*. 

A  K>  6  »  K  A.  B  H  6  h  k  o  a  a  T.  H  1965  Vc.ioaua  olfpaioaaHiia  oft-ianiiocta 
■  a  11BHCHMOCTH  or  oporpaipMit.  Tpyju  ITO.  aun  17). 

A n 6 to k  A.  Kojhuhhkop  B.  II.  1964  O  pom  a.lPcxmaHUx  h.vhop 
ycxopeiiHP  .liHwcHHa  a  acHMwetpHH  xipaKtepa  oCivxauHa  cummupmshoO 
ropu  Bccthiih  Mry,  74  6. 

JlnOlOK  A.  Tpy6HMKo»  B.  II  1963.  HeKoropuc  noiipocu  Tcupim  .io- 
icaafcMUx  itmoc<Pcjjhu«  nponrecoB.  Tpyju  HMMC,  t.  2. 

:t  aaapHHi  M.  B.  I9a9.  Onpc.u.-.eime  kphthhccmix  niaieMHA  mic.ia  Phmipa- 
roHa  K3K  apHrrpila  nuxuuJCHiioil  lypOy.icHlHOctH  arMOC$epu.  TpyAU  I  IO, 
aun.  81. 

3llipaxi  M.  B..  lOflim  M.  M  l%0.  yroMHeHiie  it  iicnoioKmiMite  Miic.ia 
PHiipacoHi  fl.ia  nuHB.irHiia  xuhu  CauaiiKH  canaieim  Mercoponorna  ■ 
rUAponoriix.  M  2. 

3  a  H  u  c  a  3.  A.  iltimoi  :ii  A  A  1959  TeMiieparvpa  bO.iium  ncpxHCflrpa- 
hiiuu  aMyrpH vaccoaux  ryuanoii  n  ciohctmx  oo.iakoa.  TpyAU  AA11MM, 
r.  228.  aun.  I. 

3  a  A  u  e  a  B.  A..  Mcioxobmi  A.  A.  1961.  Vc-iobh*  no.icroa  ca«o.inoa 
b9.iii)H  moiuiiux  xyiraux  H  rpoioBux  oCnaKCn  06.  «Hcc.re.HjnaHne  o6.ia- 
kob  «  ocaanoa  h  rpmoaoro  ».icxTpn>ircrua».  Hj.i.  AII  CCCP,  M. 

3ci)TyM«H  X.  H  1964.  I lupowHayimcKHfi  pacm-r  no.iacrpeiiHux  »o.ih.  lua. 
All  CCCP,  crp.  riuipHi.,  *<>  9. 

3eATyHiH  X.  H.  1965.  06  yxcrt  nonopoia  nctpa  c  bmcutoA  »pn  ooreKaHim 
nptnmcTBHA  aoaayiUHUM*  iiotokom.  Tpy.iu  MMU.  sun.  6. 

3e.ibA0B>m  B.  B.  1937.  HpcaMMiuc  xanonu  cboOojhh  Bocxommax  kohick- 
thbhux  noroKoa  >K9T«P.  r.  7.  aun.  12. 

3y0KOBCKnft  C.  71.  1962.  ‘lactomue  cncsrpu  ny.iLcauuft  r °p haomto .tum^ 
KOMBOiiciiru  cKcpocm  aerpa  b  npitwv.iiuM  c.io«  Boi.iyxa.  Mjb.  AH  CCCr, 
cep  rROdiMa..  M  10. 

3y6KoaeKHA  C.  71.  IVto.  3KCBepB'iciiTa.ii,Hue  iicc.ir.ioBiimi*  cncKTpoa  ny.ik- 
cannA  acpTHKa.it.HOH  Konnuneii.u  CKcpocm  scrpa  a  cnoGamoA  arwocqicpe. 
Ilia.  AH  CCP,  cepua  reoipHi.,  Ki  8 

llIIM  on  B.  H.  19W  TypOy.icHTiiaa  siicpma  H  e«  ahcchiuuiih.  Hsb.  AHCCOK, 
cep.  r(HiJ>na.,  9. 

K  a  3  I  K  O  p  B.  A.  1965.  Buiiic.iinc.iuiwe  ycrporicraa  uauniH  iicnpcpuBHoro  AeA- 
cibh*.  Mat  «MauiiiBocTpocHne».  M. 

KnCe.ii,  II.  A.  1944.  ripii.'uwHHe  xicro.ra  .i.iuiiiiux  bo.ih  o  c»iiMacMoil  *ha- 
koctn.  npHK.iaaHaa  vamiATiiKa  h  ucxaHima,  t.  8,  nun.  5. 

Kn6e.il,  M  A.  193V  npocTpaHcrBiimaK  op™™**  mmwkI  no- 

aepvHOCTH  jcm.ih  aoxiyiUHUM  nornno'i,  71AII  CCCP.  r.  100,  m  i. 

K  n  6 e .1  b  M.  A.  1957.  Bm  Jciiiic  a  rii.ino.iiiHanii'ircKiie  Mcto.iu  KpaiKocpnquoro 
nporHoaa  tiorCAU.  rocrcxHliar, 

KiiCe.ih  H.  A.  1963.  IlcK'iropuc  itii.iu  uo.ihohux  abii>kciiiiA  a  cooOmiioh  at- 
itocipcpc.  Tpy.iu  MMU.  nun.  tv 

K  1  e  M  ii  H  If  A  11  H  M  vc  H  3  1954  AWioihiccx.ic  vkaxanna  k  .niaritoiy 

H  npoiHor  atv’in-ipcpnoft  rypGy iciiiiiocth.  BUiun.iKmicS  OaiTiime  cho 
pocniux  ca.to.ic tea.  riupiBftfoiiJAiT,  M. 


KoOpxxcxxft  H.  E.  1942.  Meroau  a  npnOopw  mi  mvc-pcHNa  vrxopcMaA. 
Haa.  AH  CCCP. 

Koj.iab  B.  M..  n  n  m  y  e  H.  3..  lUrpOaxon  .3.  B.  1965.  HenotopMe  era- 
rarntwoiRf  xipixTrpxcTnxx  {xiyatyiaaft  am  poem  trip*  •  Tponocfepe. 
Tpyau  UAO,  aun.  M. 

Ko.itCMMROia  B.  K,  Mokmm  A.  C.  1965.  O  cncxipax  xo.ic<5bhnJI  Metro- 
p«.ion«e<KR*  no-irO.  Il»  AH  CCCP,  cepim  $rbhxm  itMoe^epu  a  oataitt. 
T,  1,  M  7- 

Ko.iMoropoi  A.  H.  IWI.  2tnxx.ibHi«  erpyxrypa  T>p6y.im«ocTR  a  iiccmcm- 
mi.-moA  mchjxocth  npn  owhi  Oo.ikunix  micnx  PrilMct.Ti.xc*.  AAH  CCCP. 
r.  30.  Ah  4. 


Ko«  jpirkci  K-  B-.  Bo  p  mcchkob  E.  11.  Mupo  a  km  m  A.  A.  1966  r)pati- 
TMMecxoe  Hcno.ifcjo»aMite  ximiiux  «ewipo.iorimccKHx  cmtHiixni*  r iupo- 

MeteoMMir,  .1. 

Konpoa  B.  M.  1965.  Cnentpu  typflyxeitYayx  ny.ibcinxA  Bcpruxi.ibaoA  aoa- 
none  mu  cxopocHi  aetpa  ■  norpaHxmio.M  woe  •  y&ioaaax  pa.xixroN  kom- 
■  teMHH.  Hit.  AH  CCCP.  CtpMR  (tlOHKH  ITMOCIprpU  N  OfcMHB,  T.  I,  J*  II 

Konpoa  fi.  M.  a  Uaur  21.  P.  1965.  Ilpaaue  toMepeiiH*  TypOyneuntoro 
neroKa  Ttn.ia  e  Oopta  caMoxera.  Haa.  AH  CCCP,  ccpnx  cpimiKM  atMO- 
c^rpM  n  oxeixi.  t.  I.  M  6. 

Koran  H.  E.  1936  npocTpaMcmNHax  utan  o  aoxnax  xa  nObepxHocra  paa- 
ae.xa  xayx  >iacc  wh.ikocth  pasxofl  n.iomocni,  HuiMiacMM.x  iirpoaHociaMU 
xna,  Tpyjy  rro.  tun.  26 

Kpaxtp  T.  1 946  Mau'iiTiixtxxiic  Metoxu  cTatHCTKKM.  Hx.l.  iiiiocrp.  .tmt.,  M. 

XpCMMep  C.  II.  1954.  AltTO.iHKt  :ixMcp«MH«  MiiKpony/tbeiUHH  ckooocth  arret 
a  Tmneparyy  a  iTMoctbtpc.  Tpyxu  r rodnu.  MH-ra  AH  CCCP,  M  24 
1151). 

Kypa-ioaa  K).  B.  I960.  Hexoroour  ocoAchhocth  crpvftNux  Tetemcfl  h«a  rep- 
pittopae  A  CCCP.  Tpyou  LIAO,  aun.  33. 

.Iilxrxax  JL.  .1.  1947.  O  acvntoaux  xaxxccmiax  na  no&epXHOCTit  patAena 
a  aiMoctpepc.  Tpvjy  rro,  aun.  2  (64), 

•ItllxtMaa  A-  -1.  1961.  4 tunica  norpamiHoro  won  aruoc$cpu.  P xapoue- 
TtOMJIT,  21. 

.lalxTxn  A-  21.,  A.ibtcp -3  a.-t  ii  k  10.  >K.  1966.  06  acnoxwJoiaHKM 
aipo.ioruxrcxxi  xixhu.t  xxa  onnexr.icHiix  (Ioxtimkh  caucuieToa  a  cao- 
OoflHofi  aTuoccpopr.  Haa.  AH  CCCP,  cepua  (piiarncii  aTMoccpepu  x  oxcaHk, 
T.  2,  66  5. 

JlaflatuaN  A-  21.,  Biot  Hep  3.  K.  1965.  OeHoanuc  ipmepicx.  onpear.ian- 
awe  HHTmcuiHocTk  TvpOy.ietmtocTH  ■  ropxoa  paflniic.  Tpyny  rro, 
aun.  171. 

21  a N .i h  Am.  A.  n  naioicail  I*.  A.  1966.  CtpyKtypa  iTMoccI* pxoft  ryp- 
Oy.irxTxocTii,  M..  «Miip». 

•luiay  .1.  A-.  Ampiann  E.  M.  1953.  MexaxiiKi  cii.ioiuhux  cptx  Toctcx- 
wit,  M. 

•lataMHoaa  B.  A..  Ci.iana  B.  H  I960.  Pny.xi.TaTu  m-c-Tejoiimix  aep- 
Tiixa.ikxux  .TBiitaceHiiii  ttojjyxi  npn  tionevax  Ha  cio6ojhux  ajpocrarax. 
Tpyjy  UAO.  aun.  34. 

,1  a  n  ii  n  E.  C.  1948.  O  TypOy.icttTHo*  ncpeMeunisaHim  *  aTMoeiprpe.  Mciropo- 
.Torna  h  rnxpo.iorn*,  -M  5. 

Mu  rare  a  A.  T.  1958.  O611111A  xype  Mcrcopo.ioniH  (ochobu  Aiiiiikii  kTMcxcJifpu). 
M.  I.  Hjx.  21KBBHA  iim.  A.  *.  Mowaftcxoro. 

Muaeci  .1.  T.  1961.  Vc-Tonta  oOpaioaaHUx  n  *bo.i»ui>ii  oC.iaxon.  CO.  <11c- 
c-neJOEauxe  oO-naxoa,  ocajxoa  m  rimiOBoro  a.icxipimccTnax.  Hia.  AH 
CCCP.  M. 

T.  1965.  OcHoau  oOuicft  Ms rropo.ioriui  cpH.iiixa  iTMociprpu.  r ha- 
poMeTcuniaat,  -1. 

Mr. ib  mi  My  x  10.  B.  1964.  HrxoTopue  nonpoey  lUMepexHii  ny.ibcauiiA  xerpa 
a  tponocijtcpc  jia.Tiio.TOKiuHoiiiiuxi  xrroaoM.  Tpyiu  UAO,  nun.  57. 

M  e  ,t  b  m  it  m  y  x  KJ.  B.  I960.  UiMvprHiic  TvpOy.icHTiiocrM  a  octxxax  c  nouoiubW 
jconn-iepokeK'iiV  paaHo.ioxatiiioHHoA  ct»h«hh.  Ilia.  All  CCCP,  cepx*  4>h- 
aMKM  arMocifcepu  h  oxraxa,  t.  2.  M  10. 

Muarpbiiu  B.  E.  1906.  TypOy.ieMniocTb  a  moxHeM  e.tot  tTMOc^cpu  m  a  o6- 
•Taxax  imacNera  xpyca.  Tpyau  UAO,  aua.  71. 

,M  o  m  u  m  A.  C.  1956.  0  vaKpoTypOy.TeHTnoM  oOucnu  a  xcmhoA  ttMoc^epe.  Haa. 
AH  CCCP.  cepua  reoepaa.,  fk  4. 

Mom  a  a  A.  C.  1958.  CtpyKtypa  atMoe^cpHOil  TypOy.itHTHOcrx.  Tropua  aepoat- 
Hocrii  a  ee  npaaeueaKC.  t.  3.  aun.  3. 

M  o  a  a  a  A.  C  1962.  O  rwarpe  typtWfleHTHOcrii  a  TevncpiTypno  HeoaxopoJHOft 
epeae.  Mu.  AH  CCCP.  cepaa  recHjnti,  M  5 


l.lbll'pllalHIIHUX  npo- 


Aohkh  A.  C.  1967.  O  ttiHNNiiH  itHnrpaiypHbA  cipaTH4utxaiiti!i  cpcau  hi  »>p* 

OyjICMrHIXlb.  M?*4)H»pOAHUll  KU.MOIUU)  M  t|0  1 IMkOII  CTP)KTI'pC  IIMO- 

(ftw.  Hu.  <Hi)iw. 

Mohhm  A.  C,  OOyxoa  A.  M.  1954.  Ocxomue  UKotnmepHucTH  lypOy.Tcinr* 
Hero  iicptMeuimaMKH  i  uptupMHUM  tv*oc  atuoc^rpu.  Ip.  Teoipai.  m-n 
AH  CCCPi  Hi  S4. 

Mob  a  a  A.  C.,  >lrao«  A.  M.  1965  ('i.  I).  1967  (a.  II).  Cthtmcthhuckii  nupo* 
MCXIHMM,  M.  |.  Mu.  «Hiy»l*. 

Myeie.iHH  til.  A.  I960.  O  bojmvuicmhhx,  nopo*j.ieNux  o/imiiokmm  nptuHT* 
criH«H  •  mxic  ropHJONTi.ibitoA  cocTax-imoUitH  cmjikkih.  liu.  All  CCCP, 
cep.  reoifcH  j.,  Nt  10. 

Mycac.mil  III.  A.  1962.  Boihu  opcnmciiHfl  a  nxoapepc.  riupoxcuomaaT, 

A. 

OOyxoa  A.  M.  1941.  O  pacnpeaticimii  iiiepiHH  a  cm-arpe  TypGy.icHtMoro  no* 
tOKl.  Hsa.  AH  CCCP,  cepim  koiJjiij.,  ,\>  4—5. 

OOyxoa  A:  M.  1946.  TypOyicHTiiocrt  a  TcxiiepaTypHo  muiHopooHoA  aruo* 
cipcpc.  Tpyiu  llh-ra  u-opct.  reotpimixii  All  CCC.I*,  t.  I. 

OOyxoa  A.  A*.  1955.  K  oonpucy  u5  ouviikc  ycnciiiiiocrii  a.ibii'p 
rnoioa.  Mjb.  All  CCCP,  ccrua  rcoijnii.  Nt4. 

JOjxoa  A.  M.,  flnayc  H.  3.  ii  Kpexxep  C  M.  I'J52.  Pciy/ibiiTU  me- 
nepiiVi*nTijibHW\  hcc.icaoojhiiA  MiiKpoiypCy.iiainociii  cauOol hoA  xtao* 
c^epta.  Tpyiu  UAO.  aun.  8. 

Ojxradi  P.  fa.  1964.  Ilenoiopuc  laitnue  o  KpyniioManuTafihwx  xapaKTepa* 
CTMxax  no.il  ropHjoHTaibHux  boMnoaciiT  CKOpocrit  a  QKcaHC.  Hu.  AH 
CCCP,  cep.  rruipiu.,  .NV  II. 

Ilahxta  Cr.  1965.  K  aonpocy  o  eraTiiCTiiiecKuA  cipyKrypc  no.ia  CKupocTN 
acrpa  a  cboOoamoh  atxocipepe.  Meicopo.Kinia  h  riupibi'irH*.  M  8. 

llopteacKHA  B.  1937.  n.iaHepiicry  o  au.moaux  flHH*nuiax  a  aixoctpepc, 
Mu-  HOCAA<P,  M. 

llapneacKMA  B.  1958.  Itcc.ir.iuaanne  itpMHxccxHx  .iBn^eimA  a  ai.uoc^wpc. 
MncoponorHa  h  MUpo.lorHa,  M  5. 

II  a  is  h  o  a  .1.  A.  1962.  Cauo.irnua  arnifaparypa  a. i»  hjmcucknA  rcxiopa  aerpa. 
Tpyiu  UAO,  aun.  41. 

11  a  X  o  M  o  a  A.  196*.  XapiKK’p  no.ia  ocipa  h  TCMnepaiypu  a  OKpcciiwcia 
aepXHcA  rpamiuu  aomiiciux  oGum'I.  Tpyiu  UAO,  aun.  79. 

UaxoMoa  .1  A.,  11  it  ay  r  II.  J.  n  III  vet  rp  C.  M  I960.  Avpu.ioniNeotitc 
MCCJicAOba  H  ii  a  iiixchhiisuctii  Ko^pipiniHriiia  npc.ioM.HHHi  aiMocipcpu  i.ia 
y.lbipaaopoTKiix  paaiioBc-iH.  rn.ipuMtTeoii).iaT,  M. 

llauaraa  B.  A.  1964.  IfccicioaaMiie  oporpaipii'n.-tMix  uuimviuciihA  atvocipcpu 
c  noMoiUbio  ypamioarnniiiiux  iuapna.iOH.ios.  Tpy.iu  UAO,  aun.  59. 

11  cue. iik.  E.  ,M.  i*J65.  Hiic.Ichhuh  ciiucoC  piunnim  ikmiiiivAHuA  .taiaiK  oOn-na- 
H»a  Hi*poaMccTm  icM.in  Bo.uy iuiium  noiuKOM.  Tpy.iu  MMli,  aun.  8. 

U  c  k  c  ,i  ii  c  E.  M.  1966.  OfluK.imic  Hio.inpoaamioro  npcnmciBHa  tojiytUHUH 
noTbKon  (iir.iiniviiHja  ii.widj.  Aivivopv innia  n  nupoiorna,  Si  10/ 

llccKoa  E.  E.  1963.  HmiTopuo  ocuOi'iinociH  oCpasoHaima  Kyicao-ionucaux 
o&ibkub  ii  ycioDiia  no-u-ia  oS.iiijii  mix.  Aieieopo.iarna  h  raipaiuraa,  .NA5. 

II  it  k  y  c  H.  3  1949  06  VKcncpiixii'MTa.ibiio-..  i;.-c.ie.to-j:uiMii  BopmaUbMUx  laa- 
HtcNiiA  a  cnoOo.iiiOH  •tm-h.-iJh’oo.  Tpy.iu  UAO.  aun.  5 

T1  w  H  y  e  H.  3.  1952.  OcoO.-nuocTn  bvpniM.i^iiux  .itHihCinnl  a  csoCoihoi'i  »TMO- 
r^rpe.  Tpyiu  UAO,  aun.  6. 

rtiinyc  H.  3.  1955,  08  aiMoctpcpiiufl  lypOy.lcHinocin.  auxuaaiouicA  Go.iuiuy 
cauoicToa  Meu-opii.ioriia  n  riupo.ioriia,  ,V«  2. 

Tluayc  H.  3.  1955.  K  aonpocy  u6  oikiikc  arMocipcpnoii  TypOyiCKTHOCia  no 
hhuiiciibhoctm  Oo.iraHxii  cxupociHUX  ca'io-Ktoa.  McTtopo-iorna  H  riupo- 
norHa,  Si  10. 

nHnyc  II.  3.  1957.  TypCyiiiiriiootb,  coiiiMcpiiMaa  c  paiMrpox  caMo.ieta.  H»a. 
AH  CCCK  etpna  rroipiu.,  AA  3 


n  H  m  y  c  H.  3.  I960.  CoopeucHHoc  rocionnMe  aonpoca  o  Typ6y.it hihociu  cao 
OoihoiI  aruoctptpu,  uujuaoioiuci  GaiTaiixy  caMtuicTua.  Tpyau  UAO 

aun.  34. 

tluayc  H.  3.  1961.  Tpononnyaa  n  ypoacuu  c  uaKCHMa.iknoA  CKopocTblo  bn pa. 
Mncopoiurim  u  rHnpo.ioma,  Si  3. 

n  n  a  y  c  II.  3.  1962.  CTpyxrypa  nona  cxopocTH  ncipa  a  acpxHcA  aiuoc^cpe  a 
NiiibHeA  cipaiocipcpe.  Mcicopoiurna  u  nupoiurna,  N)  4. 
fl  a  h  y  c  H.  3.  1963a.  Gtjtkctm'icckw'  xxpaXTopiicriixn  ropinoiiTa.ibaoA  Kouno- 
hchtu  CKopccTii  Bctpa  n3  uuenrax  6—12  hm.  Mjb.  Ah  CCCP,  cepHa  reo- 
Mi  I. 

tlUMyc  II.  3.  1963.  BcpiuKaibiiue  aaiiwcHiia  a  rpoiotux  o6aaKar.  UAH 
CCCP,  t.  150,  Si  4. 

till  Rye  H.  3.  1964.  HcKoropui-  pciy.ibTSiu  Hcc.ieiopauHA  mcjo-  h  UHKpocrpya- 
Typu  noon  anpa  na  bucotox  6—12  um.  Tpyiu  UAO,  aun.  53. 
tliiayc  H.  3.  Jn  ip.).  1 904.  Ocuonnuc  upmiunnu  aaTOMBTHsauHH  u6pa6<mm 
cxmo.icthoA  MCTcoHinpopMauiiii.  MvTcopo.iorHa  ii  rHipoaorna,  Hi  9. 
IlHuyc  H.  3.  1966.  3iK’prciHHCCKiie  ciKKipu  ny.ibCamiA  cxopucTM  Beipa  I  cao- 
CoonuU  atuocipcpe.  Meieupu.iorua  ii  rHipoionm,  Si  4. 


I 


I 


l 

| 

f 

i 

i 

i 

S 

4 

\ 

i 

i 

i 

i 


1 


37Ji 


n  h  tf  y  c  H.  3.,  .1  iiraHHoeti  B.  ,1  I96Z.  06  miUHviiaxocm  typSy.KWTMOCT* 
i  o6.iaxaj,  Ilia  AH  CCCP.  cep.  rcoAiu.,  N  I. 

[iMiiycH.  3..  JIhtbnmoii  B.  A.  1965.  O  cipykiype  no.ix  cxupocrefl  a«Tpa 
■  oOnacrx  ctpyHiiuj  tMPHHfl.  Tpy.iu  UAO,  nun.  63. 
rinMyc  H.  3..  Ui  M*  r  *p  C.  M.  I'Jja.  IK-xoropue  o-.oOcHHortii  TypSyAtxrxocTX 
Nia  ropHuuv  paftuHSMH.  Tpi.iu  UAO,  awn.  24. 
n  M  a  y  c  H.  3>,  LU  M  c  T  e  p  C.  M.  1962.  ArMociJx'piax  iyp6y.imrxot.Tb,  a,nta- 
Miiuaa  nv  nojicr  canoieroa.  riupoMcteoiusaT,  M. 
n  H  M  y  c  H.  3.,  IU  «  p  6  a  a  o  a  a  ,'l.  B.  1666.  O  erpyxType  hoax  cxopoctM  atrpa 
a  TppMMaecKH  crpMrxipHiixpoaaiiHoA  aTMOciJifpe.  Hia.  AH  CCCP,  capita 
ipiitiiKK  aniocdwpu  a  uxeaxa,  r.  2,  nun.  11. 
npa>  ANen  A*.  1957.  .’liiHfiMn-ii/CKax  okcaHorpatJnia.  Ilia.  iiMocrp.  nnr.,  M. 
npMtT.iH  C.  X.  D  1964.  TypGy.icHTNufc  nepi-xoc  ■  npHieuxoM  c.ioe  arno- 
CipfpU.  i  HApOMCTlOIIJjat,  .'1. 

fl  Seiko  H.  r.  1962  AppuciiHonTMMCckne  yc.ioaun  Co.itjhkx  cauo.ieroa  a  aepx- 
MMX  CIOXX  Tponoc^epu  II  llltlkHeft  CTp«TOC$CpU.  TXApOMCTeOHJAar. 
Ilxa.ixo  H.  r.  1966  TypOyicxTHocrx  npii  xchom  hc6c.  Mrri'Opexenia  n  rtupo* 
loriix,  M  12. 

Peut  iixosa  A.  A.  I960.  HcKornpur  ppjy.n,r»ru  iiccieAoaaHMx  ryp6>.itxTxocTM 
Ht  IppOHTVX.  Tpvjn  UAO.  aun.  34. 

Pcutilkuaa  A.  A.  1964.  0  npey.lexrHoeiH  a  crpyftNux  lextHiixx  npn  xenon 
mc6c.  TpyAU  1X50.  xuii.  54. 

PcutMKoaa  A.  A.  1965.  npocrpaxrru.iimie  pocnpeAnexne  oporpntpimecxitx 
Ttp6y.ieHTNUx  ion  xa  y-itcrxe  Aj.’.cp— Hoaopocculick  ao  rpi-Ma  fiopu. 

.  -  Tpy.iu  UAO,  aun.  63. 

PauiNxoaa  A.  A.,  Cu.iacaa  B.  H,  III  Me  rep  C  M.  1964.  TypGy.iexr- 
MocTk,  auiwaaxMuaa  6o.iTiMxy  cauo.nrna  a  iohe  xytCBO-AOiK.li'BMX  06.1a- 
Koa.  Tpyiu  UAO,  aun.  53. 

Cm  a  UK  lift  B.  H.  1957.  3.i«iTj>0Mfxaxiiiicci<itA  axcc  leporpaiji  e  nbcaoxaapunaiia 
AaiHHKOM.  Iba.  AH  CCCP,  ecp.  fecxpiu,  N 1  3. 

Cxaopuoa  A,  A.  1947.  06  Hcrcponix  m  ofim-iie  a  npxaeMiio*  cioe  aruoeipepu. 

Tp.  mh-ti  aHcprer.  AH  VaO.CCP,  nun.  I,  TatuxcMt. 

Cxaopuoa  A.  A.  1951.  O  renioaoll  Kot.nckuHM  M  oOmciic  a  npmcMHoM  cm 
tTMoeipcpu.  Haa.  AH  CCCP,  cep.  rcoipiu..  Kt  6. 

Co.ioaomiiioi  B.  B.  1952.  Baricuxe  1  CTanictinccxyio  AkHauHxy  cacr«M 
aaroManixeckorO  ynpaa.icxMa  rocrexxaiaT,  M-—  .1. 

Co.ioAoaxaxoa  B.  B.  1954.  Ocnoau  aarovarirtecxoro  peryaHpoaaxaa. 
Ma  turns. 

Cy.iaxae.iaiac  r.  K..  6  fl  6  a  1  a  w  a  11 .1  it  A.  LU.  a  21  a  n.s  e  a  a  B.  •.  1965. 
06paaoaaaN«  ocaixoa  u  aoiAcAeraHt  H«  rpaAoaue  npoueccu.  TaApouc- 
TtOMAAST,  21. 

Cut  a  mi  H.B-  1957.  AaioaoMMUe  AomuepoiCkilu  HaxMamioiiHue  npaOupu. 
Hia-bo  «CoacTCKo«  paAMoa. 

TarapCBH*  B.  H.  1987.  Pacnpocrpit-exHe  aoax  n  r.pOy.ituiuoB  unto- 

c$«pt.  M. 

T  at  pc  at  a  H.  M.  1964.  TypGy.icMTNUfi  o6mcm  a  o&iiKax  •cpuika.ibMoro  pas- 
BUTMa.  Tpyiu  ,11'MH,  aun.  22. 

TpyBaiixoa  B.  H.  t95fl.  llpocTpiiicrxciiHak  aaiaid  oOtck.hiiii  boiiuiuciimo- 
crii  ucurpaMHKNMUM  caepxy  aoiAjuiiiu-u  Iiurokovi.  UAH  CCCP.  r.  129, 

TpyftMMKoa  B.  H.  1964.  Hcc.itA0B3iina  aonyuiHUx  noroKoa  itsa  ropiiuuM 
pailOHaMH  c  yxeTOM  repwHticKofi  hcuahopoanoctm  noACTinawuteii  nuaepx* 
hoctm.  Ha*.  AH  CCCP,  cep.  reoipHi.,  M  2. 

Tpy6KMkoa  B.  H.  I960.  O  nepexoct  McioMicuira6Hu\  ipoiioctpepnux  aoi- 
m)iuchmA  •  acpxxHt  ettox  aruocipepu.  TpyAU  UAO,  aun.  69. 

T  p  y  6  x  11  k  6  »  B.  H.  1967.  Hexoropue  ncnpocu  n-opxii  caoCoAxol)  (xhcAkoboA) 

.  11  xuxy*AtxxoX  KoxKxuHK.  Tpyiu  UAO,  aun.  75. 
iP  11 111  c  p  P.  A.  1936.  CTaracrxaccxxc  mctoau  ai«  Mcc.-ieAoaau-.rc3.  Toccranu- 
A»r,  M. 

Xmmhmh  A.  H.  1936.  TcopHX  xoppeiaitmi  CTamioxapxux  uynaAnux  nponeccos. 
VMH,  aun.  5. 

X  x  x  u  a  H.  O.  1963.  Typ6y.icxtHocrk.  ♦xjuarrxj,  M. 

Xprnax  A  X.  1954.  noAnerpcimue  no.niu.  UpiipoAa,  .Vr  8. 

X  p  r  m  s  m  A.  X.  1958.  BcpTiiKa.ikiiuc  Aaiitkexxx  aiMoc^cpu  11  aerep  hia  ropxoA 
crpaHOtl.  Tpyiu  UAO,  aun.  24. 

UaaNr  21.  P.  1962.  Ihvcpcxxc  Typ6yncxrHux  nuronoa  icn.ia  11  cnei.rpoa  tcm- 
neparypxux  ny.-ibcauxA.  TpyAU  H<5A  AH  CCCP,  nun.  4. 

UMToaxM  T.  A.  1959.  K  aunpney  ipopMHponaiiiix  no.nppuHra.ibMoA  nacix  06- 
JiamtoA  cnctcmw  ten.ioro  ^poxta.  Tpy.iu  UAO,  aun.  30. 

McpMOl  10.  B.  1965.  HccAtaoaanxe  aocxoAxiaxx  noroxoa  e  noMoiubn  n.UMe* 
poa.  Tpyiu  UAO,  aun.  63. 

MepHUtu  B.  M.  1965.  Cauo.i«Txuft  muppoaoft  Hai.i-nnreAb  Mcin-ponomsccxoft 
ini^opuauHM  Tpyau  UAO,  aun.  63. 

WypMMoaa  M.  n.  1950.  0  rypSy.ieiiiiiocni  t  iit-horopuc  ahii  c  MyscauMH  06- 
AJK*MH.  Tpyiu  TfO,  aun.  24  (86). 


375 


MypMHoaa  M.  n.  1055  Hekoropue  xapskrtfiMcTHKii  typSy.ietitiiaefit  •  AM 
co  e.wHcroft  ofinMHocTtM.  TpyAu  no,  tun.  54. 

WmUIKiIH  H.  C  1904  OG.1IKI,  OCtAKM,  ipolQSOU  klt'XTpHMMTtO.  T MAPOMc  I  it* 
tlUIT,  ill. 

LUutTtpCM.  1957.  Usmkemie  uiap.i  jomai  ■  yCKopcttHSM  toJAVWHO*  no  rota. 
Tpy.iu  UAO,  tun.  22. 

UlutTcp  C.  M.  1957.  0  touxoctm  huhhc-icmhii  hiioio  PnuapicoHa  tio  .UHMUM 
pi  .1  in i johaosi j s  naG.in.ieNHit,  Tpyju  UAO,  tun.  22 

HIM*  rep  C.  M.  |9‘p.  06  odn-KuHiin  ropHu.v  t-|u. nnrert uiiA  aociywauMM  roto- 
Kim  ii  Tpy.iw  UAO,  tun.  24. 

Ulucrep  C.  M.  IQOOi.  Ilenotopue  xapiKfepiicniKM  lypCy.icMiitoetM  «  no.it 
icMiupirypw  H«a  ropavii.  .Meumpo.101 at  u  iu.ipu.mitr.  At  I.  .  . 

Ulucrep  C.  M.  19606.  TypOy ."Kmithoctu  t  otkianax  nrpiKct  rponocipepu.  Tpytu 
UAO,  »un.  34. 

Ulucrep  C.  M.  IDGV.  Ilo.ic  ooTpi  n  OK|KCii:ocrtx  KyHcuo-.lo*: lcnux  oC.iiko*. 
.Mereopo.ioriia  «  uupo.ioriia,  Ni  II. 

UlMerep  C  M.  1953.  Htxoropue  ocuCeMMucn*  crpyurypu  neuefl  McTeooo.ro> 
ruHtexux  •.leMctrot  1  lone  KyHCto-jiMtueuui  ofiruKO*.  Tpy.iu  BliMC. 
r,  7. 

UlucTtp  C.  M.  1961.  Ctiamh  pnuimn  KyHcnojoA.iei.uv  oO.iii.ot  u  oeo6ca> 
hoc t H  picnpeAc.it  11  in  uclctipo.iof HHCO.HX  utpeueiput  a  hx  rote.  Tpyju 
UAO,  tun.  S3. 

Ulucrep  C.  M.  1966.  ft  iiiiuon-Arrniie  Kyteao-JOiKjetux  06.1a  no*  c  no.rcu 
iH-Tpe  1  nkpy  aukhiuth  iiMtictpcpc.  lb*.  AH  CCCP,  ccp.  $imuku  amoc^epu 

N  OMIiHJ,  1.  i,  ft  II. 

UJ'icrcp  C  At.  <1  111  y  p  I'.  H.  1957.  S.iCKTpoxcreoporpa^  jja  castoneiMUX 
iirc.rc.ioBuHiiA.  Tpy.iu  UAO,  tun.  22. 

Ulucrep  C  M,  Cn.ltrii  B.  14.  1966.  BepriiKa.iMMue  nor  out  anyrpu  xy»e> 
■o-.iUA.irkux  uO-ibkob.  Mcrcopo.mriiK  u  rtiApuAorMi.  M  10. 

Ill  u  *  r  c  p  C.  M..  UIm«h.im*n  B.  A.  11)66.  B.iiianiie  rypCy.rcifTtocTt  mi  acp- 
niKa.iHHMfi  11  poipicia  m  rpa  ■  oOjaxax.  Tpy.iu  UAO.  tut.  71. 

UliiaiilMaM  B.  A.  1961.  O  crauiiouapiiui  no.ru a x  t  ob.u era  tpononayau. 
Tpy.iu  TIO,  tun.  107. 

Ill  y  p  I .  H.  1957.  Onpe.ic.ieiiiic  tcpTiiKa.ii.HUx  ckopocteft  rypOyneNTHuy  nopu- 
tot  aerpa  iipn  ruMaicriiHx  ncc.ir.umamiax.  Tpyju  UAO.  aua.  22. 

1U  y  p  I'.  H  1 9‘.'-  Mero.i  11  npuropu  j.ih  ito.iyneHtM  HCKoropux  xapahicpacruu 
rvpOv.icMrii.Hiu  aruocipc'pu  c  ci.uo.iera.  Tpy.iu  UAO.  awn  24. 

Ill  »■  p  I’.  H.  1959.  ItpiiOopu  aim  novie.i'iaiHiiH  cncurpa  arnoctpepMOfl  xypOy* 
.iCHTHocm  Mcro.iuu  rapuoMiiMcrvnro  ana.nua  c  ucnocikaoUMMest  MaruMl- 
Mofi  nautTM.  Tpyju  UAO.  nun  51. 

lUyp  T.  H.  1962.  JKcncpiiMciiia.uiuj*  iicc.k  iobhhhm  JHeprenHecKoro  cnexrpa 
tTMocipcpiniii  r\)iOv.rcMiHociM.  I pyju  UAO,  tun.  43. 

lUyp  I-,.  M.  MM.  Cnekfpa.11.HM  CTpyurypa  ry  nfly.icn  r  hoctii  no  JUltlllM  ctuo- 
.lerituv  ilcc.ie.ioiiatimi.  Tpy.iu  1 l  AO.  Biin.  53. 

Ulyp  r.  H  1967.  CncKip  rypOy.ieimtocni  ycroflHiico  ctpanuptmapoiaHHoii  ar> 
MOcipcpM.  Tpy.iu  UAO.  huh.  76. 

IOjiim  M.  II.  191b.  Sonpocu  Tcopmi  rypriy.icnrHOCTH  u  crpyKTypu  acipa  c  nptl- 
.10U.C1111CM  k  ia.ia“e  o  ko.ieOaminx  ca.M0.1cf a.  Tpyju  IlflV  TVI.MC,  ce- 
piia  1,  tun.  Vi. 

KJprcncoii  A.  11.  1900.  I  ircdejODaiotc  crpyKtypu  rypOy.irHTMUx  jaiiaieHMH, 
HUiutnHiiuux  Co.iriMKy  conpcMcniiux  cavo.icroa.  Mcrcnpo.ioriin  H  nupo- 
.lorn  a,  .Vt  10. 

Ackerman  B.  1956.  Turbulence  around  tropical  cumuli.  J.  Mel.  vol.  o.  No.  I. 

And  era  on  C..  E.  IfKi'J.  Observational  evidence  on  the  kinematics  of  growing 
cumulus  and  thunderstorm  clouds.  Trans.  N  A'.  Acad.  Sci.,  str.  II, 


vol.  24,  8. 

Ball  F.  K.  1961.  Viscous  dissipation  In  the  atmosphere.  J  Met,  vol.  18. 

Ban  non  J.  K.  1951a.  .Meteorological  aspects  of  turbulence  a  Heeling  aircraft 
at  high  altitude.  Prul.  Notes  of  Met.  Oil ,  vol.  104.  (4G-60). 

Banner,  j.  K.  19516.  Severe  turbulence  encountered  by  aircraft  near  jet-streams. 
Met.  Meg,  vol.  80.  (OK- 163). 

Ban  non  J.  K.  1952.  Weather  systems  associated  with  some  occasions  of  se> 
icre  turbulence  at  high  altitude.  Met.  Mag  ,  vol.  81. 

Batchelor  J.  K.  1954.  Heal  convection  and  huyonucy  cllecls  In  fluids. -Q.  J. 
Rin.  Met.  Soc,  vol.  60,  No  ;H5. 

Bcrvngcr  At.  et  Gtrbler  N.  I9.V5.  t.cs  niouvements  undulatolres  a  Sl- 
Aubiin-sur. Durance  (Basscs-Alp,,),  ptemierc  campagne  deludes  ct  d* 
mesures.  Monogr,  4  de  la  .'U-t.  Nat. 

Bcrciigcr  M.  et  lleissat  J.  1959.  Contribution  I  I'rlude  statislique 
el  metcorologlquc  de  la  turbulence.  Munugr.  1 7  dc  la  .Meteor.  N’atlo- 
tiale. 

Berger  I-'.  B  1959.  Doppler  rndar  navigation.  Proe.  Nat.  Flectf.  Coni,  vol.  14. 

Blndon  II.  II.  1951.  Clear-air  gusts  in  the  upper  Iropospher'e  over  eastern 
Canada.  Weather,  6  (3K  165). 


8 1  a  c  k  m  i  n  R.  B.  and  T  u  k  a  y  J.  W.  1958.  The  Measurerne nl  of  power  spectra. 
Dover  Publications  Inc. 

Bo  I  nit  no  R.  1969  Turbulent  spectra  In  a  stably  stratified  almospbere.  J. 

_  Rrt*p  volt  6l« 

Bo  1 2  l  a  n  d  R,  1999.  Structure  of  turbulence  In  stratified  media.  J.  Qeophys. 
„  Re* .,  vol.  67,  No.  B. 

Bovtbeverov  V.  At.,  Ourvlch  A  S*  Monln  A.  S.  and  Tavang  L.  R. 

I960.  The  direct  measurements  of  the  turbulent  heal  flux  by  means  of 
an  ultrasonic  imnpmtu-r  Pubi.  I.WLA0,  12/0. 

_Brlgg»  B.  A.  1961.  Severe  .dear  sir  turbulence  near  the  ti rillsh  Isles.  Met. 

MUg„  VOI.  wu. 

Briggs  J.  and  Roach  W.  T.  1663.  Aircraft  observations  i.ear  Icl-streams. 

y.  J.  Roy.  Mel.  So* vol.  Pi.  ' 

Dr  undid  rc  K,  C.  and  Cl  or)  in  an  J.  L.  1902.  Atuilvl  crosx-*cclinns  across 
iht  jvt. streams.  J.  Appl.  Met.,  vol.  3. 

Brunt  D  1937.  Natural  and  artificial  clouds.  Q.  J.  Roy.  Mel.  Soc.,  vol.  63. 
Burns  A.  1964.  Power  spectra  of  low  level  atmospheric  turbulence  measured 
Irons  an  alrcr-lt.  Ministry  ol  Avitlloh.  London,  C.  P.  733. 

Byars  H.  R.  1952.  An  example  ol  a  {light  through  thunder  storm  updraft 
Butt.  Am.  Met.  See.  Vol.  33 

Byers  H.  R.  and  Bra  ham  R.  R.  1946.  Thunderstorm  structure  and  circula¬ 
tion.  J.  Met.,  vol.  3. 

Byars  H.  R.  and  Braham  R.  R.  1949.  Thunderstorm.  Wash. 

Cbambtra  E.  1985.  Clesr-alr  turbulence  and  civil  jet  uperatioris.  J.  Roy. 
Aercn.  Soc  .  vol.  69. 

Chandrasekhar  S.  1933.  The  InsinNIliy  of  a  layer  of  fluid,  heated  below 

and  subject  to  Coriolis  force:  I.  proc.  Roy.  Soc,  sir.  A,  vol.  217. 

Chandrasekhar  S.  1955  The  Instability  of  a  layer  ot  fluid  heated  balew 

and  subject  to  Coriolis  forces.  II.  Proc.  Roy.  Soc.  Ser.  A.  vol  231. 

Clem  Le  Roy  M.  1987.  Clear-alr  turbulence  from  25  000  to  45 000  lect  over 
the  United  Stiles.  Tvchn.  Repl  Air  Weather  Serv..  106—147. 

Clod  men  J.  I9S3.  High  level  turbulence,  Met.  Branch  Dept  of  Transport. 
Toronto.  TEC  180.  CIR  2332. 

C  0 1 1 1  a  R.  T.  1964.  Ltdar  detection  ot  CAT.  Astronautics  and  Aeronautics,  vol.  2, 
No.  12. 

Colson  D.  1963.  Analyili  of  clear-alr  turbulence  for  March  1982.  Monthly 
Wea  Rev„  vol.  91 . 

Colton  D.  and  Panofsky  H.  A.  1985.  An  Index  of  clear-air  turbulence.  Q. 

J.  Roy.  Met  Soc..  vol.  91.  No.  390. 

Cone  C.  D.  1962.  Thrtmel  soaring  ot  birds.  Amcriran  Scientist,  vol.  GO. 

Cooke  T.  H.  1982.  A  amoke-ltalT  technique  lor  measuring  wind  (Plate  III). 

Q.  J.  Roy.  Met  Soc..  vol.  hi,  No.  371 

Curb'1  O.  A.  1954.  The  airflow  over  mountain.  Q.  J  Roy.  Met.  Soc..  vol.  M. 
No.  348. 

Corby  Q.  A.  and  W  a  1 1  In  gtoo  C.  E.  1966.  Airflow  over  mountains:  the 
frt-wavt  amplitude.  Q.  J.  Roy.  Mel.  Soc.,  vol  62. 

Cross  I  v  A.  F.  1981.  Ice  accretion  and  turbulence  on  North  Atlantic  air  route*. 
Q.  Jf.  Roy.  Met.  Soc..  vol  87,  No.  371. 

Dot  K.  1982.  Formation  and  movement  of  precipitation  clouds.  Genphy.  Mag.. 
31,  2. 

Ell  lion  T.  K.  end  Turner  J.  S.  I960  Mixing  of  dense  fluid  in  a  turbulent 
pipe  How.  parts  1—2.  J.  Fluid  Mech.,  vol.  8,  No.  4. 

Endlich  R.  M.  and  McLean  C.  S.  1957.  The  structure  of  the  jet-streams. 

J.  Met.,  vol.  14. 

Cndlich  R.  M.  1983.  The  detailed  structure  of  the  .--Imosphcre  In  regions  ol 
cletr-tlr  turbulence.  Final  Repl,  Contr.  CWB  15424,  Stanford  Res.  Inst., 
Cal. 

Endlich  R.  At.  end  Ma  ncuso  R.  L.  1965.  Objective  analysis  and  forecasting 
of  clear-alr  turbulence.  Final  R«pt,  Contr.  CWB-I087I.  Stanford  Res.  Inst., 
Cal. 

Endlich  R.  M.  and  AlcLean  C.  S.  1905  Jet-stream  structure  over  the  cen¬ 
tral  United  States  determined  from  aircralt  observations.  J.  Appl.  Atct.,  4. 
Foils  H.  P.  1967.  Prediction  of  clear-air  turbulence.  Atm.  Sci.  Paper,  106, 
Colorado  State  Unlv. 

FOrchtgott  J,  1249.  Wave  atreaming  In  the  lee  of  mountain  ridgea.  Bull. 
Met  Catch.,  3,  Prague. 

Foster  D.  S.  1958  Thunderstorm  gust  compared  with  computed  downdral! 
speeds.  Monthly  Wea  Rev.,  vol.  89. 

Frenien  P.  1262.  On  the  origin  of  certain  symmetrical  patterns  of  atmo¬ 
spheric  convection.  Teltus.  vol.  14. 

Fujlta  T.  I960.  Atesnmeteontogkal  stsidv  of  pressure  and  wind  fields 
beneath  isolated  rpdar  echoes.  Proc.  Vlf!  Wes  Radsr  Conf.,  Wash. 

Fujlta  T.  1963  Analytical  tnesoniiteoro'oRy:  a  rrview.  .Met.  Monogr..  5. 
Fujlta  T.  and  Arnold  D.  1983.  Development  of  s  cumulonimbus  under  the 
influence  ol  strong  vertical  shear.  Proc.  X  Wea  Radsr  Conf .  Wash. 
Georg  11  W.  1959.  Mctrorologic  onn  Navigation  d-s  Scgulfluges.  Braunschweig. 


377 


•  the  spectrum  of  »  content* 
Mich.,  9,  No,  5. 


UeorgllW,  I960  Physlk  de«  Jri-Strcam.  Alilnchen. 

Uoorsil  W,  1961.  Sigelflug  In  hohen  Wellen.  Fi.tg-Revue,  5. 

Our  bier  N,  and  Btrencer  M.  1961.  Experimental  studies  of  tec  waves  In 
the  Trench  Alps.  Q.  J.  Roy.  Mei.  Soc,  vol.  87.  371. 

0  n  k  i  a  r  d  E.  and  M  u  n  k  W  1964.  On  gravity  wave*  In  the  atmosphere.  J 
.Met.,  vol,  It,  No.  4. 

Unmet  Q.  1916.  Spiralfbrinlge  Bcwegungen  i  it  her  FlOssIgkclIen  Jahrusber.  d. 
deutsch.  mathem.  Ver.,  25,  34. 

II  a  man  K.  1962.  On  some  causes  of  dear-air  turbulence.  Acta  Oeophy.  Pole* 
nice,  X,  No.  4. 

Haurwltz  B.  1947.  Internal  wave*  tn  the  atmosphere  and  convective  pat¬ 
terns  Ann.  N.  Y.  Acad.  Sci„  vol.  48. 

Haurwltz  B.  1951.  The  perturbation  equations  In  meteorology.  Compendium 
Met.,  Boston. 

Heisenberg  W.  1946.  Zur  statlstlschen  Theorle  der  Turbulent.  Z.  Phya., 
Bd  124.  II.  7/12. 

II  c  s  s  c  W.  1961.  Ilundb.tch  der  Acrologle.  Leipzig. 

111?  lop  0.  S.  I!T>0.  Ousts  I  rom  a  clear  sky.  Aircratt.  Melbourne,  vol.  29. 

H  I  s  I  o  p  C.  S.  1931 .  Clear-air  turbulence  ever  Europe,  j.  Roy.  Aeron.  Soc .  vol.  65. 

Holahan  J.  1957.  Doppler  progress  sets  first  pace  lor  hardwart  develop¬ 
ment.  Av.  Age,  October. 

Ilolmbno  J.  and  K  He  forth  H.  1957.  Investigations  of  mountain  Ice  waves 
and  the  nlr  flow  over  the  Sierra  Nevada  Pinal  Rcpt.  Contf.  AF 
19  (604)— 728. 

Howells  J.  D.  1940,  An  approximate  erpi.-iti  -  the  spectrum  ol  a  conserv¬ 
ed  scalar  quantity  in  turbulent  lluul.  J  .;  Meeh^  9,  No,  5. 

HydeE.  A.  I9a4.  Air  turbulence  at  high  .:l; ,:es.  A  report  by  short  Bros, 
and  llarcand  test  pilots,  l.ondon, 

James  D.  Q.  195-1.  Fluctuations  of  temperature  below  cumulus  clouds.  Q.  J. 
Rov.  Mel.  Soc..  vol.  79,  No!  371. 

Jones  (..  F.  1954.  Five  flights  through  a  thunderstorm  belt.  Q.  J.  Roy.  Met. 
Soc  .  vol.  80.  No.  345. 

Jones  D,  C.  E.  1954.  Exceptionally  severe  clear-air  turbulence  and  other  phe¬ 
nomena  cm  April  14  Met.  .Mag.,  \n|.  84. 

Junge  Chr.  1938.  TiirbulenrmesMingrn  In  den  hoheren  Almoiphircnichleh- 
icn.  Ann.  d.  Ilydrogr.  tmd  Atari!.  Met.,  LXVI.  If.  HI. 

Kao  S.  K.  and  Wood?  II.  P.  1964.  Energy  spectra  ol  meso-seale  turbulence 
along  and  across  lice  Irt-strearh.  J.  Aim.  Scl..  vol.  21.  No.  5. 

Kao  S.  K.  and  Slroo  A.  14.  1966.  Analysis  of  dear-air  lurhulenc#  near  the 
iet-strviifn.  J.  Gcophy.  Res  .  sol.  71.  No  !6. 

Kao  S.  K.  and  Sands  F.  E.  1966  Energy  spectra,  mean  and  eddy  kinetic 
i-ncrnivs  ol  the  atmosphere  between  surface  and  50  kilometers.  J.  Gcophy. 
Kvs,  vol.  71.  No  21. 

KiniL  W.  1914.  On  the  convection  of  heat  from  small  cylinders  In  a  stream 
nt  fluids.  Phil.  Trans.  Roy  Soc.,  Svr,  A.  21 4. 

Kueltner  J.  1 932.  Note  on  high  level  turbulence  encountered  by  I  glider. 
Airforce  Surveys  In  Gcophy.  29.  • 

Kuot  t  ne  r  J  1958.  The  rotor  llow  In  the  lee  of  mounielns.  Schwer.  Aero-Re- 
vuc.  33.  Bern. 

K  u  ct  l  ne  r  J.  1959.Thv  band  slm-i  .r,-.  T.llus,  vol.  ll.No.3. 

Lettau  H.  and  Davidson  15.  1'. j? . the  atmosphere's  lirst  mile. 

N.  Y.  • 

Levine  J.  1959.  Spherical  vortex  theory  oi  l-u'iblc-liko  muliun  in  cumulus 
clouds.  J.  Met,  vol.  19. 

Lhermltte  R.  cM.  1962.  Nutr  u!  wind  variability  with  Dopulvi  radar.  J,  Atm. 
Scl,  vol.  19.  243—346. 

Lira  Q.  1340.  Ucbcr  den  Einlluas  von  Bodrncrhehiiiipr-n  aul  die  Stromumj 
dner  stabllgeschlcliUtcn  Almoaphiire.  Bellr.  I’hys.  Irei.  Atmos,  Dd  20. 

I.  udlam  F.  H.  and  Scorer  R.  S.  1953.  Bubble  theory  ot  penetrative  convec¬ 
tion.  Q.  J-  Roy.  Met.  Soc,  vol.  7y,  No.  339. 

Ludlam  F.  H.  19b2  Severe  local  storms:  a  review.  Met.  Monogr,  vol.  6.  27. 

Lpdlam  F.  H.  1961.  Airflow  In  cumulonimbus.  Alin.  Turk  Relate  Air* 
cralt,  London. 

Lumley  J.  L.  1964.  The  spectrum  ol  nearly  Inertial  turbulence  In  a  stably 
stratilled  fluid.  J.  Atm.  6cf„  vol.  21.  No.  t. 

Lumley  J.  I,  and  Pain  E.  R.  1906.  Oiie-dimemlonal  spectra  derived  from 
an  airborne  hot-wire  an-muim-tcr.  Q.  J.  Roy.  M<-t.  Soc,  vol.  92,  No.  393. 

Mat  S.  1930.  Forms  of  stratified  clouds,  Bcltr.  Phys.  trel.  Almos,  Bd.  17. 

Malkus  J.  K.  and  Scorer  R.  S.  1905.  Ihc  i-rosiou  ol  cumulus  tower*.  J. 
Met,  vol.  |2. 

■Malkus  J.  S.  and  Witt  O.  1939,  The  evolution  of  a  convective  clement;  a 
numerical  calculation.  The  Atmosphere  and  tin-  Ocean  in  Motion,  Scl. 
Contrlbut.  to  the  Ros-.by  AU-m. 

Malkus  .1.  $.  and  Rlehl  II,  1964.  Cloud  structure  and  distributions  over  the 
tropical  Pacific  Ocean.  Berkeley. 

Mantle  If.  1963.  The  uiuct-'irc  ol  uinds  of  the  upper  troposphere  at  incso- 
scale.  J.  Atm.  Scl,  col.  20,  94. 


FT D-MT~r5  T-9  j9-7  I 


I 


I 


Et 


s'  'TSIHi  4  N»J,  4 


•  '  •  V  l;!j  ■ 

Nilto  K.  IWO.  The  elrflow  ever  inojiniahui.  Tech.  Nnle.e.'M,  \VN"0,  liujv'i. 

Nil  to  K.  1066.  Internal  gravity-shear  wavts  in  the  troposphere.  Ci-id.ah  J. 
Phvi..  »ol.  44.  Toronto. 

Newton  Ch.  W.  end  Newton  H  R.  11-59.  Dynamical.  Interact  on  brlwcen 
Urge  convective  cloud*  nnd  environment  with  vertical  sheer.  ..  Met,  16. 

Newton  Ch.  W.  IBM.  Dynamic*  ot  Severn  convective  *torm».  idet.  Monogr, 
vol.  3,  27.  .  , 

Note**  C.  B.  1957.  A  study  ol  the  nature  of  atmospheric  turbulence  ba*ed 
upon  (light  measurements  ol  the  gui.t  velocity  components.  Cornell 
Acrolab.  Ren.  VC  001-F- 

Palm  E.  1058.  Two-dimensional  and  three-dimension il  waves.  Gcophy.  PubtH 
Norv.,  XX.  No.  3. 

Panel  iky  H.  A.  and  MtCormie  R.  A  1051.  Properties  ol  spectra  ol 
atmospheric  turbulence  it  100  meters.  (}.  J.  Roy  Met.  Soc..  vol.  80,  No.  340. 

Pet  lew  A.  end  Southwell  R.  V.  1940.  .'On  maintained  ccnvccllve  motion 
In  a  Mutd  heated  fiom  below.  Prnc.  Roy.  Soc.  A,  vat.  176:  No.'  003. 

Phillips  O.  M.  1965  .  On  tile  Bolgiano  and  LumloyShur  theories  nt  tin-  buoy¬ 
ancy  subrange.  Fine-Scale  Structure  ol  the  Atmosphere,  Colloquium, 
Moscow.  -  . 

Phillip*  O.  M.  1967.  The  generation  ol  clear  air,  turbulence  by  the  degrade* 
lion  of  Internal  « sves.  iricpeao.i  a  c6.  «At'ioci|>ipiiaM  TypGy.icHtHofTii  h 
pacnpocrpaHcmie  paaiiouu.ni>.  Tpyuu  Moray  H.ipu.iMoro  Ko.i.i.msiiyMa. 
Mjx  «Havua*.l  ...  ,  , 

Pit  (bury  R.  K.  1056  A  preliminary  analysis  ol  standing-wave  reports  at  Norl- 
holt  during  the  winter  el  1953—1934.  Met.  Mag  .  64 

Praia  H,  Schindler  M.  H.  and  To  mpso  n  J.  K.  1553.  Summary  ol  pltola 
of  dcir  air  turbulence  a!  altitudes  abuve  l.OftJO  kft.  Rf*.  Mrt. 
Nat.  Advls,  Comm.  Acron..  RMI,  52.  L  X. 

Press  H,  Mesdows  M.  T.  and  H  ad  look  J.  1956  A  revaluation  of  dele 
on  atmoapheric  turbulence  and  airplane  gust  loads  (or  application  In 
spectre!  calculations  NASA  Report  1272. 

Priestley  C.  H.  B.  1934  Convection  from  a  large  horizontal ‘  surface. 
Austral.  J.  Ph'*..  vol.  7.  No,  I. 

Priestley  C  II.  B  1055.  Free  and  Inrcvd  convection  in  Ihv  atmosphere  near 
the  ground.  Q.  J.  Roy.  Met.  Soc..  vol.  HI.  No.  340. 

Quo ney  P.  1936  Recherche*  relative*  k  influence  du  nllct  sur  let  elements 
meteorolo(  lqu».  U*  Mdteorologlc,  3  ser.,  N  4. 

Qua  nay  P.  1 94".  Theory  ol  perturbations  in  stratified  currents  with  applies* 
lion  to  alrllow  oVer  mountain  barriers.  Untv.  Chicago,  Dept  Met.,  Mlsc. 
Rapt.  23. 

Queney  P.  1941.  Ondes  de  gravity  produltcs  dans  tin  courrant  acrien  per 
uni?  petite  chllne  tic  muntugnes.  C.  R.  Acad.  Scl. 

Reiter  F..  R. .  1981.’ Melcoroluglc  der  Slrililslromc  (Jet-Streams).  Vienna. 
Springer-Verlia. 

Reiter  E.  R.  and  Burn*  A.  1965  Atmospheric  structure  and  clear-air  tur¬ 
bulence.  International  Colloquium  on  Rr.e-Scale  Structure  ol  Atmosphere. 
Moscow. 

Reiter  E.  R.  and  Burns  A.  1966.  The  structure  of  clear-nir  turbulence  derived 
from  "Topcnt"  aircraft  measurements.  J.  Atm.  Scl.,  vol.  23.  No.  2. 

Richardson  L.  F.  1920.  The  supply  ol  energy  from  nnd  to  atmospheric 
eddies  Proc.  Roy.  Soc.  Ser.  A.  vol.  57. 

Rid  land  D.  M.  1964.  The  measured  rtsponso  of  an  aircraft  to  the  vertical 
velocity  component  ol  atmospheric  turbulence.  Aeronautical  Res.  Coun¬ 
cil.  C.  P.  708, 

Sasaki  Q,  1958.  A  theory  end  anetvsis  of  elcnr-alr  turbulence.  Texas.  Agrlc. 
and  Mcrh.  College,  Dept  ol  Occanogr.  and  .Met.  Sci.,  Rept  I,  Contr.  AF 
19  <6041—1963. 

Scorer  R.  S.  1949.  Theory  ol  waves  In  the  Ice  ol  mountains.  Q.  J.  Roy. Met. 
Soc..  vol.  75. 

Scorer  R.  S.  1951.  Clcar-alr  turbulence  over  Europe.  Weather,  6  (3K-177). 

Scorer  R.  S.  1953.  Theory  ol  airflow  over  mountains.  II:  the  llow  over  a  ridge. 
Q.  J.  Roy.  Met.  Soc..  vol.  79 

Scorer  R.  S.  1956.  Air  (low  over  an  Isolated  hill.  Q.  J  Roy.  Met.  Soc.  vol. 82. 

Scorer  ft.  S.  1936.  Experiments  with  convemtioii  bubblis.  Aero  Revue,  vol.  31, 
No.  9.  ,  ,  ,,, 

Scorer  R.  S.  and  Rr, nne  C.  1956.  F.vpcriment  with  convention  bubbles. 
Wealher.  II. 

Scorer  R.  S  1957.  Experiment  on  convection  ol  Isolated  masses  ol  buoyrr.t 
fluid.  J.  Fluid  Mcrh.,  vol.  2. 

Stdrmef  C  1948.  Mother  ot-pearls  clouds.  Wealher,  No  3. 

Sekvra  7.  1949.  Hvir.ihollt  waves  in  a  linear  leinper.iliire  Held  with  vertical 
wind  shear.  J.  Met.,  vol.  5,  No.  3. 

Smith  F  B  I9C1.  An  analysis  ol  vertical  wiiid-lliiclii.ilions  ul  heights  be¬ 
tween  500  and  5000  lev!  Q.  J.  Roy.  M"t  Sue.  vol  87,  No  372. 

Steiner  R..  Rhyne  R  1962.  Some  measured  cli.ir.u  UrlstUs  ol  severe  storm 
turbulence.  National  Sev.  Storm  I’r.'lect,  Repurl  N  10 


FTD-MT-  2  II  -  9  3  9  -  7  J 


yn 


S I  e  i  n  «•  r  R.  Rhyne  R.  1964,  Atmospheric  turbulence  end  airplane  response 
In  canvvclivc-tvpc  clouds.  Journ  Aircraft,  vol.  S,  No,  I. 

Steiner  R.  A.  two.  Review  of  NASA  high-attitude  dear-air  turbulence. 
Sampling  Program*.  AJAA  paper,  03—13. 

Suglmoto  J.  I95t>.  Effect  ol  turbulence  on  aircraft  operation*.  J.  Met.  Rea, 
Tokvo,  8. 

Taylor  C.  B  1938.  The  spccttuir.  of  turtuileru-e.  Proc.  Rnv.  Soc.  AI64,  478. 

Taylor  J  I0t»5.  Manual  on  aircraft  load*  Pergmnon  Press. 

T  t  fi  «•  n  C.  M.  1953.  On  the  spectrum  of  energy  in  turbulent  shear  How.  J.  Rea. 
Nai.  Bur,  Stand.,  vol.  60.  No.  I. 

Tchcn  0.  M.  I9.VI  Transport  processes  as  Icundallon  of  the  Heisenberg  and 
Obuklioff  theories  of  turbulence;.  Phys.  Rev.,  vol.  93,  No.  I. 

Van  tier  lluvtn  J.  1937.  Power  spi'ctriim  of  hnrirontal  wind  speed  In  the 
frequency  range  Irmn  0.0007  In  MO  cycles  per  hour.  J.  Met.,  vol.  14,  2. 

Wan  Chang  Chin.  19fiO.  The  wind  and  temperature  spectra  u|  the  upper 
troposphere  and  tower  stratosphere.  J.  Met  ,  vol.  17.  No.  I. 

Watson  N.  R.  196",  Sonic  measurcmcnla  of  turbulence  In  altocumulus  cloud*. 
Q.  J  Roy.  Met  Soc.,  vol.  93,  No,  .198,  227-237. 

Wood  word  8-  1959.  The  motion  In  and  around  Isolated  thermals.  Q.  J.  Roy. 

'  Met.  Soe„  vot.  85,  No.  384. 

Wflrtete  M.  1957.  The  Ibrce-dlmenaloRa!  lee  wave.  Bellr.  d.  Phya.  frele 
Almoaph.,  Bd  29. 

Yates  A.  H.  1953.  Atmospheric  convection;  the  structure  ot  thermal*  below 
cloud  bate,  quart.  Journ.  ol  Roy.  Met.  Soc.,  vol.  79.  No  341. 

Zlerep  J.  1957.  Neuc  f-'orichungscrgcbniisc  aus  dem  Gchlet  del  atmotphlrl- 
tchen  Minderniswellcn.  Bellr.  d.  Phys.  frele  Atm.,  29. 

Zlerep  J.  1959.  Zur  Tbeorle  dei  Zcllularkonvcktlon.  til.  Bellr.  tf  Phys.  trek 
Atm..  Bd  32,  H.  1/2. 

Zlerep  J.'  I960.  Zur  Thearie  der  Zellularkonvektion,  IV.  Belfr.  d.  Pliys.  trek 
Atm.,  Bd  32.  H.  3  4 


FTD-MT-?'l-9'j3-7  i. 


}8n 


